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LETTER OF PROMULGATION 
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PREFACE 

The status of our knowledge on the penetration nf radiation irom an atomic weapon 
through the atmosphere has undergone rapid change, and theoretical and eaoertmental work 
have made great progress in the past several years, tt was therefore felt desirable to take a 
snapshot of certain phases of this knowledge In order to provide a systematic account of these 
for military personnel who are required to use them and to assist research personnel by out- 
lining the gaps in the current knowledge. Nuclear Development corporation of America (NBA) 
was assigned the task of preparing this handbook on nuclear radiation by the Armed Forces 
Special Weapons Project (AFSWP). 

It is inevitable in the preparation of a handbook such as this in a field which Is prog- 
ressing so swiftly that all portions are not of equal timeliness. We have made every effort to 
include Information reported formally or available to us up to the 1958 Weapons Tests as well 
as some limited information arising from those tests. 

Since this is a handbook, information was gathered from many sources and it Is not 
possible to acknowledge adequately all of them except by formal bibliographical references. 
We must, however, acknowledge the notable assistance rendered us by the following scientists, 
who gave their time and ideas freely and graciously when visited by NDA personnel for the 
purpose of securing advice and Information: Dr. V. P. Bond (Brookhaven National Laboratory), 
Drs. Wendell Biggers, Payne S. Harris and John S. Malik (Los Alamos Scientific laboratory), 
Dr. Marguerite Ehrlich (National Bureau of Standards), Dr. Donald K. Wlllet (Naval Research 
Laboratory), Dr. Robert Rapp (RAND Corporation), Dr. Richard D. Cadle (Stanford Research 
Institute) and Dr. Lester Machta (U.S. Weather Bureau). 

The preparation of this handbook was the work of Messrs. Richard Bakal, Francis Clark, 
and Drs. Daniel Eksteln, Morton Fuchs, and Robert Lledtke, all of NDA, and Lt. Commander 
Nathaniel I. Berlin and his colleagues of AFSWP who prepared Chapter II. The quality of this 
document has been greatly improved as a result of comments and advice received from Major 
Thomas W, Connolly who acted as the Project Officer for AFSWP for most of the time mat the 
work was being done. 



J. Ernest WUkins, Jr. 
White Plains, N. T. 
March 22, 1957 
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Chapter 1 
GENERAL CONSIDERATIONS 



1.1 INTRODUCTION 

In this manual aa attempt will be made to summarize and correlate the quantitative Information 
at present available on nuclear radiation produced by nuclear weapons. Specifically, It ia dealred to 
present methods of determining the values of dose from each of the several Important kinds of bomb 
radiation as a function of distance (and in some cases direction) from the point of burst. It is also 
desired to know the energy distribution of the radiation making up the dose and the way in which the 
dose varies with time after burst Ideally, these methods should be applicable to a wide variety of 
conditions, among others, bomb yields varying from 0. 1 KT to 100 MT, burst heights varying from 
-1000 to 200,000 ft, air densities varying correspondingly, weapon types Including pure fission, boosted, 
and thermonuclear, and bursts occurring over both earth and water and in the midst of a wide variety 
of meteorological conditions. In practice and with the present state of knowledge, it is possible to 
provide quantitative statements for only limited areas of these parameters. In other areas only quali- 
tative statements can be made and sometimes even this is inadvisable. 

Under these circumstances reliance must be placed on both experimental results and theoretical 
analyses. Measurements provide the most direct answers when available. Theoretical analyses are 
used to afford some understanding of the mechanisms involved, so that results can be predicted tn areas 
where experiments are lacking, and so that experimental results can be applied to a variety of conditions. 
It should be noted mat measurements bearing on important problems are often larking; in addition, when 
they are available they are often in conflict Similarly, the theoretical analyses are not always avail- 
able; when they are available, they are, necessarily, based on simple models. Thus, the methods and 
results which follow are often subject to large and unknown errors. Where possible, an estimate of the 
magnitude of these errors accompanies the individual section or chapter. 

Auxiliary to the discussion of the radiation doses themselves, information is presented on sev- 
eral related subjects such as the biological aspects of dose, shielding against the several types of 
radiation, and the dynamics of the atomic cloud. 

The subject matter Is divided into seven chapters, each of which is briefly outlined below. 
Chapter 1 (General Considerations) introduces the problems of nuclear radiation and covers those 
general areas which are necessary to a more detailed understanding of the subject Since it is desir- 
able and helpful to have a general knowledge of the nature and functional concepts of nuclear weapons, 
discussions of the fission and fusion reactions and of weapon design and construction are presented in 
Sections 1.2 through 1.4. Following these sections are introductory treatments of cloud dynamics 
(Section 1. 5), the relationship between radiation flux and distance from the source point (Section 1.0), 
and terminology of biological dosage (Section 1.7). Finally, the calculation of the average air density, 
which applies to each of the later chapters, Is covered in Section 1. fi. 

Chapter 2 presents a more detailed treatment of the biological effects of nuclear radiation. It 
reviews the sources of biological data, the pertinent units and definitions, and several of the measuring 
techniques. Radiation effects are considered, first due to sources external to die body and then due to 



internal sources. Both the immediate reactions (which may Include nausea, diarrhea, weight loss, 
fever, changes in blood count, death) and the longer-term effects (which may include reduction of life 
span, cataract formation, impairment of fertility, and genetic effects) are described. The dependence 
of these effects on the total dose and on its distribution in time is covered as thoroughly as our present 
understanding permits. Current values of tolerance levels for external and Internal radiation are 
presented. 

Chapters 3 through 6 discuss the four general categories of nuclear radiation which result from 
the explosion of a nuclear weapon. 

In itial gamma radiation (Chapter 3) is radiation of electromagnetic waves similar to X-radiation 
except that the associated particles or photons possess much greater energy. (Photons, or gamma 
rays, are not particles in the technical sense that they do not possess a non-vanishing rest mass such 
as is possessed by electrons, protons, neutrons, etc. Nevertheless, they do possess other important 
properties of particles and it is more useful to think of them as particles for the purpose of the present 
work. ) Initial gamma radiation Is emitted during about the first 60 seconds after the time of burst. 
This time limit is somewhat arbitrary, being chosen for purely practical reasons. Actually, by far the 
greatest portion of thic radiation is emitted during the first few seconds after burst. The source of the 
radiation is the material in the fireball which later becomes the atomic cloud. Initial gamma radiation 
usually refers to radiation effects at points external to the cloud. 

Neutron radiation (Chapter 4) is also emitted during this same time interval. A neutron is an 
electrically uncharged particle whose mass is nearly the same as that of the nucleus of the hydrogen 
atom. There is reason to believe that most of the neutron radiation of biological Importance is emitted 
nearly instantaneously at the time of burst. The sources of neutron radiation are also contained in the 
fireball, and neutron radiation also usually refers to radiation effects at points external to the cloud. 

Residual gamma radiation (Chapter 5} is of Importance at later times. It occurs when radio- 
active debris from the fission process is scavenged out of the atomic cloud, by large particles of earth 
for Instance, and sifts back down to the ground under the influence of gravity and the local atmospheric 
conditions. The sources of residual gamma radiation, commonly called fallout, are then distributed 
upon the surface of the earth and irradiate the whole general environment 

Residual beta radiation (Chapter 6) also occurs as a consequence of fallout. The sources of 
residual beta radiation are, in the main, Identical to the sources of initial gamma radiation. Beta 
particles are the smallest electrically charged particles known. Negatively charged beta particles 
are called electrons and positively charged beta particles are positrons. Under most circumstances 
residual beta radiation is of less Importance than residual gamma radiation because the penetrating 
power of beta particles is much less than that of gamma rays. Beta radiation usually affects only the 
skin of an irradiated animal. 

The most important properties of the several particles of concern in radiation processes, in- 
cluding protons and alpha particles in addition to the particles described above, are given in Table 
1.1:1. 

Chapter 7 presents a discussion of the atomic fireball and cloud. Attention is devoted to the 
dynamics of cloud formation and growth and to three of the problems upon which these dynamics have 
a strong influence: the cloud as source of most of the initial gamma and neutron radiation, as the 
generally accepted origin of the material carrying the residual radiation (fallout), and as a radioactive 
region of space which may be penetrated by aircraft. 

1.2 THE FISSION REACTION 



Nuclei of the elements uranium -235 (U 2W ), uranium-238 (U 2 "), and plutonium-239 (Pu 11 *) may, 
under favorable circumstances, break up into two parts whan struck by a neutron of appropriate energy. 
(The symbols inside the brackets give the abbreviation for the element. The superscript on the right 
gives the mass number, which is the total number of protons and neutrons in the nucleus, for the element 
and Isotope in question. Often the atomic number, which is the total number of elementary positively 
charged heavy particles or protons in the nucleus, Is also given as a subscript to the leftof the symbol.) 



This fission reaction Is accompanied by the release of an energy of approximately 200 Mev (1 Mev = 1 
million electron volts = 1. 603 x 10 _l ergs), which is the reason for the enormous destructive power of 
nuclear weapons. The fission products, I.e., the large two residual fragments, are not always of 
exactly the same sire, or, equlralently, of the same atomic mass and number. There are, In fact, 
more than 50 different nuclides which may arise as a consequence of fission. These fission products 
are usually formed in highly excited states and must release additional energy before they become 
stable. This energy Is released in the form of beta, gamma, and a very small amount of neutron, 
radiation. It accounts for a large portion of the radiation effects in which we are interested. 

The fission process is accompanied by the emission of neutrons. There are an average of v 
neutrons emitted per fission. The value of v is between 2. 5 and 4, depending on the type of material 
undergoing fission and the energy of the neutron causing the fission. A small fraction, approximately 
0. 73 percent for U m , of these neutrons is somewhat delayed in time of emission 1 since it is emitted 
from the fission products, but the remainder of the neutrons accompany the fission process itself and 
are therefore emitted instantaneously. The delayedneutrons observed experimentally have not exceeded 
0. 7 Mev in energy. 





TABLE 1. 


1:1 








Charge and Mass of Nuclear Particles 




Particle 


Electric charge, coulombs 




Rest Mass, gm 


Comments 


Electron 


-1.6x10-" 




9.1 xlO-" 


Beta particle 


Positron 


1. 6 x 10"" 




9.1 xlO-" 


Beta particle 


Neutron 


None 




1.67x10-" 




Proton 


1.6x10-" 




1.67x10"** 


Nucleus of the 
hydrogen atom 


Alpha 


3.2x10-" 




6. 64 x 10-« 


Nucleus of the 
helium atom 


Photon 


None 




None 


Gamma radiation 



The reactions Involved can be written as follows for fission in U m , where ^n 1 is the symbol for 
a neutron. (Those for Pu 11 * and U 1M are similar except that the neutron which causes fission in U 1 " 
must be greater than about 1. 5 Mev in energy. Thermal neutrons, on the other hand, will induce fission 
In U za and Pu"*. ) 

(n 1 (thermal energy) + U** - 0. 9927 v in 1 + excited fission fragments 

+ gamma radiation + kinetic energy 

excited fission fragments - 0. 0073 v jn 1 + stable fission fragments 

+ beta and gamma radiation 



U : * is present In only small amounts in natural uranium, and must be concentrated and purified 
for use in nuclear weapons. 

Capture of a neutron by uranium does not always lead to fission. Instead, a heavier uranium 
isotope, which does not break up in this way, may be formed. 



The energy release of nuclear weapons maybe compared with me corresponding energy release 
from chemical explosives auch as TNT. The energy released by the complete combustion of one thou- 
sand tons, or one kiloton, of TNT is 4.2 x 10" ergs, 1.0 xlO 11 calories, 3.1 xlO 11 foot-pounds, or 
2. 62 x 10** Mev. It can be seen, therefore, that Insofar as energy release Is concerned, about 1. 3 x 10" 
fissions are equivalent to one kiloton of TNT, assuming 200 Her per fission. 

The number of neutrons per kiloton of energy release la also of Interest. Let a be the ratio of 
non-fission to fission neutron captures in the weapon, including non-fission captures in the fissionable 
material. Then for each fission there will be a net of (v-l-a) neutrons produced, since one neutron 
must be used to m^nkHn the chain reaction. There will be men (p-l-a) 1.3 x 10 2 *- neutrons produced 
per equivalent kiloton oi TNT. The value oi (v-1 -a) will usually be about 1. 3, but may range from as 
low as 0. 5 to as high as 2. 0. Since the initial energy spectrum of fission neutrons Is well known, It 
can be predicted mat about 22 percent of these neutrons will initially be greater than 3 Mev in energy. 
The percentage emerging outside the weapon will, of course, be smaller because of energy degradation 
in penetrating the weapon casing. 

The energy release of nuclear weapons, commonly called the yield, Is usually measured in terms 
of kilotons (KT) or megatons (MT), meaning the equivalent number of thousand or million tons of TNT 
which, when completely burned, give the same energy release. 

1.8 THE FUSION REACTION 

As Is now well known, the fission process is not the only way in which large amounts of energy 
can be released by nuclear reactions. Also of great importance la the fusion reaction utilized in thermo- 
nuclear weapons. In this reaction, several deuterium nuclei fuse together to form helium, tritium, and 
hydrogen nuclei with the release of a large amount of energy. A very high threshold energy is needed 
for this reaction to occur, however, so it is practical only at the high temperatures usually attained in 
fission weapons and a fission bomb is used, for this reason, to initiate the fusion reaction. 

The fusion reaction is as follows, where tD* stands jor the deuterium nucleus, |H* for the hydro- 
gen nucleus, and ,T* for the tritium nucleus. 

iD 1 + jD* - t T' + jH 1 + 4Mev 
!D* + L D» - 2 He* + jn 1 +3.2 Mev 

These two reactions are about equally likely to occur. The following reaction is about SO times more 
probable and will usually go nearly to completion: 

iD 1 + t T* - ,He* + ,n J + 17. 8 Mev. 
The total effect of these three reactions Is then obtained by summing, which gives 

5,D* - ,He* + ,He* + ^ + 2 ^n 1 + 24.8 Mev. 

This is the fusion reaction for what is called partial burn. The following reaction is lees probable, but 
may occur under favorable circumstances: 

iD 2 + ,He* - ,He* + tH 1 + 18.4 Mev. 

Adding the last two reactions, we arrive at the reaction for what is called complete burn: 

e,D» - 2jHe 4 + 2,3* +3^ + 43.2 Mev. 




1/ 



Neutrons are generated in equal numbers by the DD and the DT reactions, as can be seen above. Neu- 
trons from the former reaction are crudely comparable to fission neutrons In energy, but those from 
the latter are much more energetic — possessing an energy of 14 Mev In fact (The rest of the 17. 6 
Mev Is taken up by the recoil of the f He* nucleus. } 

From the above reactions It is seen that there are emitted 1. 05 x 10** high energy (14 Mev) neu- 
trons per kiloton fusion yield in the partial burn case, and an equal number of lower energy neutrons. 
There is also an average total of 16. 1 neutrons emitted per 200 Mev, which may be compared with 
(v'l -a) m 1.3 neutrons per fission characteristic of fission weapons. Thus, thermonuclear weapons 
generate many more neutrons for any given yield than fission weapons. 

Corresponding figures for the complete burn case are 0. 605 x 10** high energy neutrons per 
kiloton, and an equal number of lower energy neutrons. Similarly, there is a total of 9.24 neutrons 
per 200 Mev. 

m actual weapons, the true burn is intermediate between the partial and the complete bum cases, 
usually closer to the partial than the complete. 

The total energy released in the explosion of a thermonuclear weapon Is comprised of the energy 
yield from the fusion reaction plus a large yield from an associated fission reaction, which is not only 
that due to the initiating bomb. The 14 Mev neutrons generated in the fusion reaction are utilised to 
Initiate additional fission in both U IM and U 1 **. (In this respect fusion neutrons differ from those pro- 
duced in fission, which are not sufficiently energetic to fission U tn to any appreciable extent. H 




Boob ted weapons are modified fission weapons to which a small amount of deuterium has been 
added. The fusion neutrons are utilized to augment the fission reaction in the uranium, thus giving an 
appreciably increased fission yield compared to that which would occur In the absence of the deuterium. 
The augmented fission yield is much greater than the direct fusion yield. 



1.4 WEAPON DESIGN AND CONSTRUCTION 



The characteristics of weapon radiation, particularly neutron radiation, are sensitive to the 
details of weapon design and construction .2 The following discussion is confined to fission weapons. 
Thermonuclear weapons, for reasons of security classification in design, are beyond the scope of the 
present treatment. 

Weapons are stockpiled with their fissionable materials in a subcrltical state, signifying a 
configuration such that no nuclear reaction can occur. Critlcality is reached when the configuration is 
altered in such a way that the nuclear reaction can Just barely start, Further alterations of the same 
type result in supercrtticallty, which means that the nuclear reaction, when started, will proceed faster 
4nd much more vigorously. 

It is Important that there be no stray neutrons present while the system is going supercritical. 
If such neutrons are present, predetonation may occur . Predetonatlon occurs when the nuclear reaction 
commences before a condition of maximum super criticaliry Is reached. The result may be a fizzle, 
signifying the release of a much smaller amount of nuclear energy in the explosion than under optimum 
conditions. Under normal circumstances (no predetonation), at the precise moment that maximum 
gupercrltlcality is reached, an artificial neutron source is activated, the fission reaction commences, 
and the explosion ensues. 

Critlcality is achieved from the initial subcrltical condition in a number of ways. The most 
common is the spherical implosion system. A spherical high explosive shell surrounds the fissionable 
material. This is exploded at the proper time by detonators symmetrically placed on the outer surface. 
A spherical implosion shock wave progresses toward the center of the system, compressing the fission- 
able material abruptly into a highly supercritical state. At the last moment, the shock wave hits the 
center of the weapon where It activates an artificial neutron source; the weapon then explodes. This 
type of weapon is spherically symmetric. The neutron radiation is most strongly influenced by the 



thickness of the high explosive shell. The high explosive contains hydrogen, which Is very efficient in 
degrading the energy of neutrons by the process of elastic collision. Recent design has tended in the 
direction of making the high explosive shell thinner and thinner, resulting in less and less attenuation 
of the neutron dose by this hydrogenous material. 





ichieving crtticality^ ■ does 

not depend Sfl compression of the fissionable mater ial^nsTead^EeUssionaDT^materiaM^lvided Into 
two parts which are subcritical when separated. The function of the high explosive at the ends of the 
apparatus in this case Is merely to assemble the two parts quickly. Such weapons are called gun-type 
weapons . They are now used as artillery shells but . 
cept when penetration of the ground surface is desired? 




Stockpiled weapon types are usually Identified by a Mark number, , which is abbreviated Mk-. 
When the models are still experimental, they are identified instead by a TX~ number (1. e. , Mk-35 or 
TX-35). 

Weapons are boosted, when desired, by making minor modifications of the basic unboosted 
weapons. Boosted weapons fall Into the same general classifications outlined above. 



As previously noted, the weapon strength is called die yield and is given in terms of equivalent 
weights of TNT in kilotons (KT) or megatons (MT). The yield is controlled by the actual physical size 
of the weapon and by its detailed design characteristics. A change in physical size results, primarily, 
in a simple multiplication of the source strength of the radiation pro duced. A change in weapon de sign 
characteristics has much more complicated effects on the radiation] 




All weapons tested to date of up to about 100-KT yield have been pure fission weapons. In the 
range of 100 KT to about 1 MT the weapons are either pure fission or boosted fission weapons. In the 
boosted weapons, however, the yield is essentially all due tothe_flsBlon r eaction and the fusion contribu- 
tion may be neglected. Above 1 MT the weapon s are fusion. 




1.5 CLOUD DYNAMICS 



For purposes of discussing Initial and residual gamma radiation, some knowledge of cloud dy- 
namics is required. Only the necessary definitions and a very crude description of the phenomena in- 
volved are presented here. A more detailed discussion will be found in Chapter 7, 

Just after the time of burst, the weapon components are extremely hot They expand rapidly, 
engulfing air from the atmosphere as they do so. In these early stages of expansion, we speak of this 
AB the fireball . As the fireball continues to expand, it also rises because of the low density of the 




material la It* interior. Further expansion and rising Is accompanied by cooling, and the edges of the 
fireball become somewhat less sharply defined. We then speak of the atomic cloud or Just of the cloud. 
The cloud, except for very minor differences, is fust the fireball at a later stage of development. 

The cloud rise is slowed and, for sufficiently low -yield weapons, it is stopped at the elevation 
of the tropopause. The tropopause is the boundary between the troposphere and the stratosphere. The 
troposphere is the lower layer of the atmosphere in which nearly all vertical convection and turbulence 
occur. It is characterized by a general linear decrease of temperature with altitude, although localised 
temperature inversions at low altitudes occur frequently in some parts of the world. The stratosphere 
is that portion of the atmosphere above the troposphere and is characterized by a constant or slightly 
increasing temperature with altitude. As a consequence, the air in the stratosphere is quite stable 
with respect to vertical motion, anoMs therefore stratified into layers. The elevation of the tropopause 
depends mainly on the latitude and season of the year, although local weather disturbances may cause 
marked variations from the normal. The height of the tropopause in general varies from about 55,000 ft 
at the equator to about 30,000 ft at the poles. In middle latitudes, it varies from about 40,000 ft in 
summer to 33,000 ft in winter. Cloud dynamics, in turn, are markedly affected by the height of the 
tropopause. Strong local inversions at lower levels, likewise, can exert a damping effect on the cloud 
rise. 

1.6 FLUX -DISTANCE RELATIONS 

This section consists of a discussion of the relations between the flux of initial gamma or neutron 
radiation at points exterior to the fireball and the associated distance from the point of burst. 

The flux of any type of radiation is the total number of particles (gamma ray photons, neutrons, 
electrons, positrons, etc.) per unit area and pe"r unit time arriving ata particular point from all direc- 
tions and atall energies. The unscattered flux is mat portion of the total flux which arrives directly at 
the point in question from the source, without having suffered any previous collisions. The unscattered 
flux Is monodirectional if the source of radiation is a point. 

For the sake of conciseness, the time integral of the above is also often called the flux. 

We are often interested in the flux due to particles (especially neutrons) within a prescribed 
range of energy A£, because the biological effect of the radiation is related in a complicated way to the 
particle energy. 

The unscattered flux <f> u ata distance or slant range R from a point source of radiation o f inten- 
sity S (total number of particles, or particles per unit time) in a uniform homogeneous medium is given 
by 



*.. = 



-. t R 



u 4n& 

(1.6:1) 



The symbol u^ is the total linear attenuation coefficient, and X t is the total mean free path . The symbol 
p is the density of the medium measured in units of standard density. Quantities measured at the stand- 
ard density are so designated by means of a zero subscript. Thus, jjl and A are the total attenuation 
coefficient and mean free path at the standard density. These equations show that j^ and lA t are pro- 
portional to the air density p. 



J 




The total flux $, however, also Includes radiattao which arrives at the point after scattering 
(and at a lower energy). We define the flux buildup factor B^ifR) such that 

*- ^B^R). (l.fr.j) 

B(jrR) Itself Is often crudely exponential In form 

BOijR) ■ e (1.6:3) 

where kj is a constant. Thus, <p is also still roughly exponential. 

4»R* 4iR' 



(1.6:4) 
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where we call fi the apparent linear attenuation coefficient and A. the apparent mean free path. Most 
experiments have measured n and X rather than j^ and * t . The biological effect of radiation is more 
closely related to u than to ju. 

The buildup factor concept can easily be generalised. One may define, for instance, buildup 
factors for flux due to radiation in a specific energy range, buildup factors for the energy transported 
rather than the number of particles, buildup factors for biological dose, etc. 

Experimentally, it has usually been found that Eq. 1.6:4 remains a fair, although inexact, 
approximation even if the source of radiation la spread outover a broad band of energies. It also holds 
reasonably well for non-uniform media such as the atmosphere, whose density varies with elevation. 
In this case, however, it is necessary to calculate an average air density p. Methods for doing this are 
described in Section 1.8. 

Serious modification is required, however, because of perturbation of the medium by the blast. 
Eq. 1.6:4, even after defining the average air density p, is still properly true only for an infinite 
homogeneous medium. At the time of the explosion, a blast wave spreads out from the point of burst. 
This blast wave is bounded at its outermost radius by a sharp discontinuity known as the shock front 
which separates the quiescent medium from the disturbed medium. Compression of the medium is 
maximum at the shock front. At sufficiently late times behind the shock front, there conies to exist a 
region of rarefied, low density hot air known as the rarefaction phase of the blast wave. Because of 
this rarefaction phase, the exponential term in Eq. 1. 6:4 at times shortly after the time of burst can be 
much more than e~Pft R . This enhancement of the radiation shortly after the burst by the shock wave 
has been called the hydrodynamlc effect by its discoverer, J. Malik. * 

The term time of arrival refers to the elapsed time required after the burst for an effect under 
discussion to arrive at a specified point. (The effect may be arrival of the shock front, contaminated 
material, etc.) 

Several other terms which occur repeatedly in the literature should be understood 

Ground gero, or GZ is the vertical projection on the earth's surface of the burst point 

Burst height refers to the elevation of the point of burst, either above the ground surface — or 
sometimes, above mean sea level. 



Slant range R la the distance from die point of burst to that point at which the value of flux or 
dose is desired. If such a point Is on the ground surface, R obviously satisfies the relation 

R 1 ■ (distance from ground zero to receiver) 1 

+ (height of burst above the ground surface at the receiver)* 

We should understand, however, that neutron radiation and gamma radiation from the fission 
products emanate from a source which, to within a good approxlmatlott, Is a point source of radiation 
at the center of the fireball. When the neutrons have been slowed down to thermal energy by successive 
collisions In the air, they are captured by nitrogen nuclei. About 6 percent of these excited nuclei then 
emit nitrogen capture gamma radiation, which is of quite high energy (an average of about 6 Mev). This 
radiation is part of the initial gamma radiation, but obviously Its source is distributed over a much 
larger volume than the gamma radiation from fission products, and the point source treatment is a much 
poorer approximation. This is especially true at high altitudes. 

1.7 BIOLOGICAL CONSIDERATIONS 

The relation between radiation flux and biological damage is very complicated. It will be dis- 
cussed in Chapters 2 and 4. In the present paragraphs only such definitions are included as are neces- 
sary to understand the terminology. 

pose is a general term used to signify some measure of the radiation absorbed by an organism. 
Dose is measured in several different kinds of units which are described below. 

One roentgen or r represents that amount of gamma radiation which, when absorbed in one cubic 
centimeter of pure dry air at one atmosphere pressure and 6 C,will generate one e. s. u. of charge of 
either sign, that is 2. 08 x 10* ion-pairs. (An ton -pair is the combination of a free electron plus a posi- 
tively charged atom which is missing an electron.) Since one ion -pair requires the expenditure of an 
energy of 32. 5 ev to form, this is equivalent to 0. 1082 erg-cm - * or 83. 5 erg-gm" 1 of air. 

One roentgen equivalent physical or rep is defined as thatamount of radiation of any type which, 
when absorbed in one gram of organic tissue, will deposit 93 ergs of energy. (This unit has also been 
defined in the literature as 84 erg-gm* 4 of tissue, which has led to some confusion.. The latter defini- 
tion will not be used in the present work. ) 

One rad is defined as that amount of radiation of any type which, when absorbed In any material 
(not necessarily tissue), will deposit an energy of 100 erg-gm- 1 . 

One roentgen equivalent man (or mammal) or rem is defined as that amount of radiation which, 
when absorbed in -"»"""°l«a* > tissue, will cause the same biological damage — according to any definite 
but arbitrarily defined criterion — as the absorption of one rep of 400 kev (1 kev ■ 1 thousand electron 
volts) gamma radiation. 

The relative biological effectiveness or RBE is defined as the ratio of the dose In rem to the 
dose in rep. It is very close to unity for gamma rays above 400 kev, but is greater than unity and is 
dependent on energy for neutrons. 

Neutron radiation dosages can be measured in rem, rad, or rep. It cannot be measured in 
roentgens. Gamma radiation, on the other hand, is most commonly measured in roentgens. This is 
Identical bo the dose In rep or rem for photons above 400 kev in energy. 

The LDh or 50 percent lethal dose is mat dose of any type of radiation which will cause the 
death, within a certain period of time (usually 30 days), of 50 percent of toe population of organisms 
irradiated. 

Important simplifications in the relations between radiation flux and dose occur when 

1. The shape of die flux energy spectrum is constant from point to point within a satisfactory 
degree of approximation. In this case, the dose in both rep and rem is simply proportional to the total 
flux In any specified energy range. 



2. The BBE is constant with energy 00 that the doses to rem and rep are either identical or 
directly proportional to each other. 

1.8 AVERAGE Affi DENSITY 



The exponential term in Eq. 1. 6:4 for the total {scattered and unscattered) radiation from a point 
source in a homogeneous medium is given as e~MR or e'Ptd**. For a non-homogeneous atmosphere, 
however, this exponential requires generalisation. An approximation due to Weidler and Ward, * which 
is satisfactory for most applications, although not exact, replaces these terms as follows: 
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where 

jl - average apparent linear attenuation coefficient between point of burst and receiver 

p = average air density between point of burst and receiver, expressed in units of d, 

dfl - density of pure dry air at 0*C and one atmosphere pressure, 1. 293 x 10"' gm-cm~' 

^ = apparent linear attenuation coefficient for air at density d*. 

Since the exponential term will normally be expressed in terms of the apparentllnear attenuation 
coefficient at standard conditions ^, it is therefore equal to e~PM»R for homogeneous atmospheres and 
e~PMoR for non-homogeneous atmospheres. The required values of p or p are calculated as outlined 
below. 

If the pressure and temperature of the atmosphere are uniform between the burst point and the 
receiver, the air density p may be calculated from the ideal gas laws and a knowledge of the air pres- 
sure and temperature. 
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where 



p - air density between burst point and receiver, expressed in units of d, 

A ■ average molecular weight of air 

G = gas constant 

p = atmospheric pressure, millibars 

T = atmospheric temperature, °K. 

Eq. 1.8:2 is presented graphically in Fig. 1.8:1 



If the pressure and temperature differences of the atmosphere between the burst point and the 
receiver are small, the average air density may be satisfactorily found by taking the average between 




the density at the burst point pg and at the receiver p z , these point densities In turn being calculated 
from Bq. 1.8:1 
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(1.8:8) 



If the pressure and temperature differences between the burst point and the receiver are not 
small, the average air density may be found most easily through a knowledge of the pressure and eleva- 
tion of the two points. 
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Figure 1. 8:1 Air Density p (In units of 0. 001293 gtn-cm -, )as a Function of Pressure and 
Temperature. The curves are spaced at 10° intervals going monotonically from -S0 B C to 
+50°C. „ 
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Eq. 1. 8:1 defines the average air density p as follows: 






pdr 



(1.8:4) 



If y represents the elevation, then dr Is proportional to dy along the straight line connecting the point of 
burst and the receiver. Eq. 1. 8:4 may then be written 
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where 



'B 
Ay 



elevation of the receiver 
elevation of the burst point 

y Z" 7 B 



The relationship between change In pressure with elevation is 

dp a -pg d, dy 



(1.8:6) 



where g = acceleration of gravity. 
Substituting for pdy In Eq. 1. 8:5 yields 
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(1.8:7) 



If Ap Is expressed in mllllbarB and y in feet, this becomes 



25.8 



Ap 
Ay 



(1.8:8) 



Eq. 1. 8:8 is presented graphically In Fig. 1.8:2. Nearly all calculations of Interest will be handled 
adequately by Eq. 1.8:2, 1.8:3, and 1.8:8, and the associated figures. 

In addition to the three equations, presented above, there are other relationships which may be 
useful in special circumstances. 

If as a low order approximation one assumes the temperature of the atmosphere to be uniform, 
It can easily be shown that 



p B- p Z 



2.303 log,,— 



(1.8:9) 



As a matter of fact this is abetter approximation man Eq. 1.8:3 and for small values of (p_/p_)-l 
reduces to Eq. 1. 8:3. Because its accuracy is quite satisfactory for current uses and it is simpler to 
use, Eq. 1.8:3 is recommended, however. 

A second alternative relation is derived if it is assumed mat the temperature varies linearly 
with elevation, an assumption which is correct within the troposphere. Under this condition 
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Figure 1. 8:2 Average Air Density p (In units of 0.001293 gm-cm' 1 ) as a Function of the 
Difference in Pressure and Elevation Between the Point of Burst and the Receiver. 
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PROBLEM 1 

The pressure and temperature at the point of burst are given. The air between the burst point 
and the receiver Is at the same pressure and temperature. It is required to compute the average sir 
density p between the two points, in units of d* (1. 293 z 10 - ' gram-cm -1 ). 



Solution 



1. Convert the units of pressure to millibars and temperature to *K if the information has not 
been supplied in these units. (See the list of conversion factors after Problem 3.) 

2. Either compute the air density at the point directly from the formula 



"B 



0.269 
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Example 



or read p B from Fig. 1.8:1. Since the temperature and pressure are constant between the 
two points, the air density at the point of burst pg, is equal to the desired air density p. 



The air pressure and temperature between the point of burst and a receiver pointat a horizontal 
distance of 2000 yards are 950 millibars and 20° C. It Is required to compute the air density in units of 
1. 293 x 10"* gram-cm' 1 between these two points. 
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1. We most convert the temperature to *K. Thus, T » 273 + 20 » 293*K. 

2. The air density p is given by 

p- 0.260 £-0.269-°™ - 0.87, 
which can also be read from Fig. 1. 8:1 for p of 950 millibars and T equal to 20* C. 



PROBLEM 2 

The pressure and temperature at both the point of burst and an external point are given. The 
pressure, temperature and difference in elevation between the two points are not greatly different. It 
is required to find the average air density between the two points in units of 1. 293 x 1Q-' gram-cm* 1 . 

Solution 

1 . Convert the units of pressure to millibars and temperature to a K if the information has not 
been supplied in these units. 

2. Compute the average air density directly from (he formula 

1 , ^ , 0.289 / P B ^ P z\ 

Example 

At the point of burst the pressure is 950 millibars and the temperature 25° C, At the external 
point the corresponding figures are 900 millibars and 15°C% The difference In elevation is 1500 ft. It 
is required to find the average air density between the two points in units of 1. 293 x 10-' gram-cm-'. 



1. We must convert the temperatures to °K. 

T n - 273 + 25 « 298" K 
T 2 = 273 + 15 - 288°K 

2. The average air density p is given by 



- 0.269 /950 900\ 



PROBLEM 3 

The pressure at both the point of burst and an external point are given. The difference in eleva- 
tion is also given, and this may be large (more than 2500 ft). It is required to find the average air 
density between the two points tn units of 1.293 x 10~' gram-cm*'. 

Solution 



1. Convert the units of pressure to millibars and difference of elevation to feet U the informa- 
tion was not supplied in these units. 
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2. Either compute the average air density p directly from the formula 



' - "••l-sl 



or read p from Fig. 1 . 8:2 



Example 

The pressure at the point of burst is 1000 millibars. At a receiver of higher altitude the pres- 
sure is 700 millibars. The difference in elevation is 10,000 ft. It is required to find the average air 
density p between these points in units of 1. 293 z 10~* gram-cm-*. 

1. No changes of units are necessary. 

2. The average air density p is given by 



»"1? 



25.8 



1000-700 



0.77, 



16,000 
which can also be read directly from Fig. 1. 8:2 for Ap of 300 millibars and Ay of 10,000 ft. 



CONVERSION FACTORS 

For convenience we include here some formulae and conversion factors for use when input data 
are supplied in units different from those illustrated. 



Unite of Pressure 

1 standard atmoBphere 

= 29.92 in. of mercury at 0° C 

= 76 cm of mercury at 0"C 

= 33.9 ft of water at 4 e C 

= 1013. 25 millibars 

« 14.71b-tn.-» 

= 2ll7 1b-ft- 1 
1 millibar 

= 1000 dyne-cm- 1 

Units of Temperature 

F - temperature in degrees Fahrenheit 

C ■ temperature in degrees Centigrade 

K = temperature in degrees Kelvin 

C - 5/9{F-32) 

K = C + 273 
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Units of Length 

1 meter 
= 3. 281 ft 

- 1.094 yd 

= 6. 214 x 10-* miles 

1 in. 

= 2. 54 cm 
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Chapter 2. 
BIOLOGICAL EFFECTS OF RADIATION 



2.1 INTRODUCTION 

This chapter has been prepared to provide a review of the broad field of radiobiology as it 
applies to military problems. 

There are some data available for man which are notparticularly satisfactory. There is a large 
volume of data obtained from laboratory and weapons test studies in experimental animals. It is mani- 
festly not poBBlble to cover within the scope of this document the entire field of radiobiology. This 
chapter attempts to review the problems and to point outand evaluate areas of controversy. For details, 
it is suggested that the reader consult the general and specific references. 

In many respects the data presented in other sections of this handbook have been collected for 
the purpose of evaluating the hazard of ionizing' radiation to personnel. Except at very high dosages 
(10,000 r and greater), ionizing radiation is without effect on ordinary material other than radiation 
dosimeters and photographic film. The basic purpose of this chapter 1b to provide some guidance in the 
use of physical data for the estimation of personnel hazard. There will be some repetition of physical 
data detailed elsewhere in this handbook to provide continuity. In many, if not most, Instances the 
needed correlation between exposure dose and clinical findings is lacking because of insufficient data. 



2.1.1 SOURCES OF DATA 

The primary sources of pertinent medical radiobiological information are: 

1. the evaluation of the results of the Hiroshima and Nagasaki experience by the Atomic Bomb 
Casualty Commission (ABCC) 1 , 

2. the evaluation of the results of tbe accidental exposure of the Marshallese during Operation 
Castle 2 , 

3. accidents in atomic energy laboratories 3 ! *, and 

4. clinical radio- therapeutic experience. 

In addition, there is a large volume of experimental animal data from which certain inferences 
regarding man may be drawn, but which cannot be directly applied. 5, 6, 7 j^ general, animal experi- 
ments indicate the pattern of response that may be anticipated in man, but are not an ideal source of 
information. Significant differences In details, particularly quantitative, preclude direct extrapolation 
to man. In fact, all sources lack certain pertinent critical information. 

As an example, review of the problems associated with tbe calculation of radiation dosage at 
Hiroshima and Nagasaki results in the conclusion that at Hiroshima neutron effects might predominate 
while at Nagasaki, "nearly all the dosage is due to gamma rays. " Aside from the difficulties associated 
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with estimating the flux and energy spectrum of neutrons and the gamma ray dose, Figure 2. 1:1 Illus- 
trates the difficulty In assigning to a given location a number for dose because of the rapid decrease of 
the dose with ground distance, both for neutron and gamma rays. * This ts without consideration of an 
estimate of shielding factors. As will be discussed later, the biological effectiveness of neutrons may 
be greater than gamma rays. Comparison of the results obtained at Hiroshima with those at Nagasaki 
should make some provision for this difference. But, in addition, the flux and spectrum for a given 
location are so poorly known that, in all probability, quantitative data purporting to relate lethality to 
dose are of dubious value. 

The dosimetry problems associated with the exposure of the Marshallese make It difficult to 
determine precisely the gamma ray dose. The data were insufficient to permit even an attempt to be 
made to estimate the skin dose resulting from soft X-rays and beta radiation. ® The many problems and 
uncertainties Involved in the dosimetry of accidents in atomic energy laboratories are pointed out in a 
description of an accident at the Argonne National Laboratory. * 
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Figure 2.1:1 Neutron and Gamma Radiation as a Function of Distance Estimated for 
Bursts at Hiroshima and Nagasaki. & The gamma ray dosage in roentgens is plotted as a 
function of the distance along the ground from the point Just below the bomb explosion. 
The number of neutrons -cm' 1 is indicated in the scale at the right of each drawing. This 
scale applies for slow neutrons, namely those below 1 ev, and for fast neutrons as indi- 
cated. The fast neutron curve represents a really wild guess. 



2.1.2 TYPES OF HAZARD 

The personnel hazard may be divided into immediate and late considerations. The immediate 
hazard ia thatinvolved in the production of acute effects, principally lethality, acute radiation illness or 
skin lesions. The long term problem is that of the late effects; this Involves both the Individuals con- 
cerned and, through the genetic changes produced by radiation, their progeny for many generations. 
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2.1.3 SOURCES OF RADIATION 

There are two separate sources of ionizing radiation to be considered. These are: 

1. External gamma, beta, and neutron radiation. For residual radiation this Is a combined 
beta and gamma radiation; for initial radiation, neutrons are an additional source of ionizing 
radiation. 

2. Internally deposited radioactive materials. For military considerations, this is a problem 
associated with fallout 

2.2 EXTERNAL RADIATION 

2.2.1 INTRODUCTION 

External radiation constitutes a potential hazard to personnel from the moment of detonation of 
an atomic weapon. The initial radiation consists of gamma and neutron radiation, propagated for large 
distances in air. In addition, within the cloud there is beta radiation, but it is difficult to conceive of 
a situation where beta radiation will constitute a personnel hazard before fallout occurs. While falling 
and after completion of fallout, the external radiation consists of both beta and gamma radiation. 

2.2.2 DOSIMETRY 

From the standpoint of estimation of personnel hazard from external radiation, the basic nec- 
essary physical data are: 

1. the type of radiation, whether tt be gamma, beta, neutron, or some combination of these, 

2. knowledge of the energy spectrum and flux, and 

3. source geometry, 

2.2.3 UNITS OF DOSE 

There are Beveral units of radiation dose currently employed. ^ 

1. Roentgen - that quantity of X or gamma radiation which produces, in 1 cm 1 of pure dry air 
at STP conditions, 1 e.s. u. of charge of either sign, that Is 2. 08 x 10* ion-pairs. Since one ion-pair 
requires the expenditure of 32. 5 ev to form, this la equivalent to 0.1082 ergs-cm -l or 83. 5 ergs-gin" 1 
of air. 

2. Rep (roentgen equivalent physical) - that quantity of ionizing radiation which results in an 
absorbed dose in any material at the site of Interest that Is equivalent to that obtained from 1 r of 
gamma rays; this quantity is usually taken as 83. 5 ergs for 1 gm of air; for soft tissue this is 93 ergs- 
gm~ l tissue. This unit is independent of the type of energy of the ionizing radiation. 

3. Rad - that quantity of ionising radiation which results in the transfer of 100 ergs-gm' 1 to 
any material. This 1b a recently adopted unit. It can be seen that for soft tissue U is almost equivalent 
to the rep. 

4. Rem - roentgen equivalent mammal (man) to be defined later (see Section 2. 3). 

From these definitions it is seen that the roentgen is a unit applicable only to X or gamma radi- 
ation, while the rep and rad are independent of the source type and energy. 



2.2.4 CONSIDERATION OF DEPTH DOSE CURVES AND CORRELATION WITH BIOLOGICAL EFFECT 

The effect of ionizing radiation is primarily dependent upon the dose absorbed in tissue, not the 
dose measured in air. The basic problem Is a determination or a calculation of the absorbed dose in 
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tissue. This is probably best approached through the use of a depth dose curve. A depth dose curve Is 
a graph of the relative amount of Ionization produced at various depths Id the body or some other ab- 
sorber. Depth dose curves have had extensive application In radiation therapy and in radiobiological 
research. It is this experience which makes possible the quantitative prediction of biological effect 
from a depth dose curve. ^ 

For the range of beta particle energies encountered in fission products ""ti»™ penetration 
Into tissue is of the order of millimeters, while for X and gamma rays and neutrons the degree of 
penetration can vary from a few millimeters to those which traverse the entire body. As a consequence 
of the change in absorption coefficient with X-ray energy, penetration into the body varies with the en- 
ergy. For example, at 50 KVP the dose delivered to tissues deeper than 2 cm is very small compared 
to that at the skin surface. The skin surface dose to produce In LD|, (lethal dose for SO percent of the 
irradiated population) mightreaaonably be expected to be greater for 50-KVP X-rayB than for 250-KVP 
X-rays since the 50 -KVP X-rays may be considered to produce a shin "bum, " while with 250-KVP 
X-rays a relatively uniform dose throughout the body is produced. Fig. 2.2:1 shows the variation In 
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Figure 2. 2:1 The LD^ for Dogs for Bilateral Radiation as a Function of Energy. 12 

LDh for dogs for bilateral radiation as a function of energy. ia (In this instance half of the total dose 
was delivered to each side of the animal. ) This figure demonstrates that below 175 KVP the air expo- 
sure dose LDh Increases rapidly to 6000 r at 50 KVP. With the weaker X-rays, only the skin and 
subcutaneous tissues are Irradiated. The dose to produce lethality increases with decreasing X-ray 
energy, since the deeper tissues are not Irradiated. At 50 KVP the distribution of the dose in the tissue 
is comparable to that produced by external beta radiation In the range 2 to 3 Mev. This makes this 
energy (50 KVP; comparable to external beta radiation, and it would be anticipated that the dose to 
produce 50 percent lethality would be comparable to that required for external beta radiation. 
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The beta particles arising from fission products constitute a source of radiation only for the «Hn 
and, in sufficient quantity, produce a condition known as a "beta burn" which can be lethal. The two 
principal considerations in the evaluation of the hazard of beta radiation to the body are: 

1. dose to skin, and 

2. area of skin involved. 

For example, It has been determined that the LDJJ (lethal dose for 50 percent of the irradiated 
population In 30 days) for beta radiation to the entire body varies from 2200 rep (baby rat) to 17,000 rep 
(rabbit); 1S while the same dose range delivered to a small area of skin, e.g., 1 cm 1 will not result in 
death, but will produce only local changes in the skin. The relatively low LD*, for beta radiation for 
the baby rat is probably due to the fact that for such small animals there is significant Ionization be- 
neath the skin, and while this is not uniform total body Irradiation, a considerably greater percentage 
of the tissues are Irradiated than In larger animals. 

The lethal dose for beta radiation of man is not known. ** Animal studies indicate that the total 
integrated dose to produce SO percent lethality may be directly proportional to the body mass. Extra- 
polation to man yields an LD^ for beta radiation of approximately 40,000 rep which is not in keeping 
with other data and should not be used for any personnel hazard calculations. On the other hand, from 
another line of approach, the beta radiation LDj, dose is calculated to be approximately 5000 rep. The 
latter appears to be a more acceptable value and is comparable to the LD^for dogs for S0-KVP X-rays, 
but it Is unestablished and must be considered only as an estimate of questionable value arrived at by 
extrapolation from animal data. 

X-rays and neutrons of sufficient energy produce ionization throughout the body resulting, when 
applied in sufficient quantities, in acute radiation illness. 



2. 2. 5 DOSIMETRIC METHODS 

In general, and for most peacetime applications, film badges are the most common dosimeters 
in current use. Varying sensitivity to various types of ionizing radiations precludes their use for 
precise dose measurements in mixed radiation fields. In addition, at weapons tests, where mixed 
radiations make the physical measurement of dose difficult, biological dosimeters have been used. 
Generally, mice are placed at various distances from the point of detonation in suitable containers to 
protect against the effects of thermal radiation and blast Then the effects of the Ionizing radiation are 
measured by one jor more biological endpoints. The biological endpoints used are: 

1. mortality (30 day), 

2. change in weight of the spleen and thymus, 

3. depression of red cell formation, as measured by the incorporation of radioactive iron into 
red cells, 

4. change In weight of the gastro-inteBttonal tract, and 

5. survival time (in the supralethal dose range). 

The results are then compared with those obtained with X-rays in similar animals under laboratory 
conditions. The results are expressed not in terms of the mixed bomb ionizing radiation, but that at a 
particular station, the total effect of the Ionizing radiations received 1b equivalent to a particular dose 
of X-rays. 15 > '" The results may be expressed in rem (see Section 2. 3 for definition of rem). 

Chemical dosimeters have also been developed, but are less widely used than any other type of 
dosimeter. It Is probable that because of their relative simplicity, chemical dosimeters will become 
more widely used.*' Scintillation glass dosimeters have also been developed for wide distribution In 
the armed services. *8 Gamma radiation is generally best determined by some type of ionization 
chamber, although if suitably calibrated, photographic film may be used. 



The measurement of neutrons la more complex. There axe eeveral methods; one la the meas- 
urement of flux and energy apectrum and calculation from this data of a depth dose curve. The flux 
and energy spectrum of neutrons can be determined through the use of the activation detector methods 
(see Chapter 4). Calculation of a depth dose curve for neutrons Is not a simple matter. For small 
animals (mice), a first collision tissue dose calculation la adequate. Assuming a tissue equivalent 
medium, the mean energy absorbed is 19 



^V2ANo 

U « 1. 72 x 10-" E > .- 
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(1 + A t )» 



rep-cm* 
neutron 



(2.2:1) 



where 

E = incident neutron energy, Her 

A = ratio of atomic mass of element 1 to neutron mass 

N. = concentration of element i, atoms-cm -1 

a = scattering cross section of element 1, baraa (10~ u cm 1 ) 

Fig. 2.2:2 shows a first collision neutron dose curve for tissue as a function of neutron energy. 




Figure 2. 2:2 First Collision Neutron Rep Curve for Tissue 
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For man it Is necessary to consider subsequent collisions and to calculate a depth dose curve. 
Such depth dose curves have been calculated (see Fig. 2. 2:3;. z0 The use of suitable ionization cham- 
bers in a phantom permits a direct determination of the relative ionization as a function of depth. *■ 

Table 2. 2:1 shows the calculated flux to produce 50 percent lethality in man for neutrons from 
thermal energy to 3. Mev. 2 * This table demonstrates that from 1 kev to 3. Mev there Is approxl- 
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Figure 2.2:S Theoretical Depth Dose Curves for Monoenergetlc Beams Incident on a 
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TABLE 2. 2:1 
LDt! Neutron Flux as a Function of Energy 

LDn Flux, neutrons -cm '* 



Neutron Energy 


Thermal 


1 kev 


3 kev 


10 kev 


30 kev 


100 kev 


300 kev 


1 Mev 


3 Mev 



Ret 
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1.6x10" 
l.SxlO 1 * 
1.7 xio" 
1.4x10 s ' 
9.2x10" 
4.1 xlO" 
1.8x10" 
S.OxlO 1 - 
l.T«10»» 



(1) 



Ref 
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5x10" 



Ret. 
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6 x 10" 



2.1xl0" (2) 
14 xlO>- 
>. 1 xlO" 



These are eitlmated values. It if suggested that the reader review the source reference" (or a 
better appreciation of the methods used to calculate these numbers and their validity. It is probable 
that these numbers may be changed significantly in the future. 

Baaed on the values given In the source reference^ for conversion from rep to neutron-en** and 
values oS the RBE and LE^ dose for neutrons of 1. 3 and 4S0 rem, respective])'. 
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mately a 94-fold decrease In the calculated flaxtcT produce 50 percent lethality. Fast neutrons are 
slowed down In tissue by elastic collisions of which 85 to 95 percent occur with hydrogen and result in 
recoil protons. Because of this and because of the relatively high, compared to X-rays, linear energy 
transfer of protons, the biological effectproduced is greater than would be predicted from a comparable 
absorbed dose (in erg-gm" 1 ) of X-rays (see Section 2. 3). 

For thermal neutrons, on the other hand, capture reactions predominate. These are the (n, p) 
reaction with N 1 *, resulting in the emission of a 0. 66 Mev proton, and the (n, y) reaction with hydrogen 
with subsequent emission of a 2, 2 Mev gamma ray. It has been calculated that below 10 fcev the latter 
reaction predominates. 

Recently it has been observed mat for five test weapons, within the ground range of interest, the 
bomb neutron spectrum is relatively constant. For these five weapons, a calculation of dose due to the 
entire bomb neutron spectrum can be carried out from the measurement of the flux of a single energy 
region. It has not been determined whether this will bold for other weapon types, although preliminary 
re-evaluation of previous weapons test biological data indicates that may be so. 

The dose due to beta radiation is best determined by a suitable thin walled ionization chamber. 

54 

As will be discussed below, an Important consideration is the source and receiver geometry. ' 
Initial radiation can, to some extent, be considered to be unidirectional gamma and neutron irradiation, 
the departure from unidirectional being a result of multiple scattering in air, while for fallout radiation, 
the situation is different 

Beta radiation can be considered to arise from two sources: 

1 . beta particles emitted from fission products upon the surface of the ground, and 

2 . beta particles emitted from fission products that contaminate the skin or clothing. 

In case one, the Individual is in a field of beta radiation, and, aside from consideration of the 
protection due to clothing and the attenuation of the flux with height from the ground surface, may be 
considered to be in a field of uniform beta radiation. However, in case two, there Is the beta radiation 
arising from "hot particles" contaminating the skin or clothing and producing a local area of intense 
irradiation which can result in a localized skin "burn. " 

Directly measured depth dose curves furnish the most satisfactory approach to the prediction of 
biological effect. The use of small ionization chambers in a phantom appears to be satisfactory. 25 » 26 
This type of measurement consists in the placing of small ionization chambers at various dspths in a 
masonite phantom. After exposure, the readingB of the ionization chambers are plotted as a function of 
the depth from the surface of the phantom. This Is a directly determined depth dose curve for the par- 
ticular source, source geometry and receiver. For neutron irradiation a first collision dose calculation 
with an estimate of the attenuation due to depth Is a good approximation. Typical field test beta and 
gamma depth dose curves are shown in Fig. 2. 2:4. 

2. 2. 6 SIGNIFICANCE OF AIR DOSE, SKIN DOSE, AND MID-LINE DOSE FROM X-RAY RADIATION 

1. Colllmated beam source geometry 

Considerable confusion has arisen from failure to stipulate how the dose was measured. 24 This 
is because from the;same narrow colllmated X-rays flux in air, the three quantities, air dose, skin 
dose, and mid-line dose, can and do differ significantly. Air exposure is the dose measured in free 
air, that is, without backscatter. Skin dose is the dose measured with backscatter, that is, the ioniza- 
tion chamber is placed at the surface of the body. Mid-line dose is the dose either measured in a 
phantom with size and radiation absorption characteristics similar to the biological object under consid- 
eration or calculated from a knowledge of the energy spectrum and absorption constants. The skin dose 
is higher than the air exposure dose due to backscatter. The increase due to backscatter varies with 
the energy and may amount to an Increase of as much as 50 percent or more above the air dose. * * The 
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mid-line dose is a function of the energy spectrum and body st« and la usually less man (he air dose 
and skin dose. The relationship between sir dose and mid-line dose Is dependent upon the source and 
receiver geometry and with low energy X-rays on the absorption coefficient. Since there Is consider- 
able variation with energy tn the absorption coefficient, the ratio mid-line dose/air dose can vary 
considerably. For example, from weak X-rays (below 50 KVP), the mid-line dose may be negligible 
as compared to the skin dose, in which case the ratio mid-line dose/air dose will be very low while tn 
the gamma ray region this ratio may approach one. 
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Figure 2. 2:4 Comparative Depth Doses in a Phantom Man of Initial Atomic Bomb Radia- 
tion and Radiation from a Field of Fission Products. 2 < 8ee aUo 25 and 26 > The Increase 
in dose at 20 cm for the residual radiation field is a result of exposure in an infinite plane 
source geometry of a finite -size phantom with measurement of dose throughout the phan- 
tom. 



It can be readily seen that failure to stipulate the measurement conditions has led to consider- 
able confusion. 



2. Infinite plane source geometry 



For the case of radiation in a fallout field, i. e. , infinite plane source geometry, the relationship 
between air dose, skin dose, and mid-line dose Is different. Direct observation of the hard gamma 
radiation component of a fallout field in a phantom masonite man indicates that within me error of 
measurement there is no appreciable change below 3 cm with depth, that is, mecamma radiation depth 
dose curve is relatively flat, and equal to the free air exposure in roentgens, *'* as measured by a 
thick walled ionization chamber. 

Which of these three measurements, air, skin or mid-line dose, is the most satisfactory? In 
all probability, there is no single measurement which will be satisfactory in all cases. For weak X-rays 
(below 50 KVP) certainly the mid-line dose is unsatisfactory, while the skin dose or air dose may be 



misleading if it la not realized that this radiation Is essentially body surface or skin radiation. The 
measurement to be used depends upon the biological endpoint under consideration. The mid-line dose 
is to be used when total body irradiation, acute radiation illness, and lethality are under consideration 
since it affords the best correlation between dose and effect However, for consideration of the skin 
beta "bum" hazard, it is necessary to know the dose to the skin. It is then apparent that a single 
measurement or calculation is not satisfactory for all cases. For military operational purposes, it has 
not been determined if it Is necessary to know both the skin and mid-line dose. 
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Figure 2.2:5 Beta-Gamma Ratio at 1 Meter Above Earth's Surface. The line represents 
theoretical values; the points represent observed values. 



For the fallout field where there is a combination of both beta radiation X-rays, and gamma rays, 
the use of the phantom masonite man probably defines the problem most satisfactorily since the results 
permit an evaluation of the (1) dose to skin and (2) the whole body dose. The results may be expressed 
as a ratio, beta-gamma dose ratio. Experimentally this measurement has been carried out in a limited 
number of conditions. Values of the beta-gamma dose ratio varying between 2. 5 and 28 have been ob- 
served at field tests. 26 » Z8 Dale (cited by Kendall 28 } has worked outon a theoretical basis the variation 
with time of this ratio up to 400 days. Initially, the ratio surface dose/mid-line dose is high, approxi- 
mately 15 to 20, decreasing to a minimum (approximately 2) at 10 to 20 days, (see Fig. 2. 2:5). 

2. 3 CONCEPT OF RBE (RELATIVE BIOLOGICAL EFFECTIVENESS) 29 - 30 - 31 » 32 

With the availability of various types of ionizing radiation, it early became apparent that pre- 
diction of the effects of a given physical dose was inaccurate when the biological effects of heavy ionizing 
particles were compared to those of X-rays. This was particularly true for external neutron irradia- 
tion. Initially, neutron dosages were measured with a Victoreen ionization chamber and In units of n. 
One n is the neutron flux to produce a reading equivalent to 1 r in a 100 cm 1 Victoreen ionization cham- 
ber. Recently it has been confirmed that 1 n = 2 rep. 33 However, the biological effect of 1 rep of 
neutrons is greater than would be anticipated from 1 rep of gamma radiation. To rationalize this dis- 
crepancy, the concept of relative biological effectiveness (RBE) was introduced. When compared to 
X-rays, and for equivalent biological effect, the dose required of any ionizing radiation is the product 
of the RBE and the dose delivered In rep. It should not be inferred that RBE is used only in connection 
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with neutrons. The RBE has beep determined for alpha particles, protons, beta particles and within 
the spectrum of X and gamma rays. RBE is not a simple concept, It depends upon: 

1. type and energy spectrum of ionizing radiation, 

2. biological endpotnt measured, and 

3. dose and dose rate. '^ 

It is particularly when different biological endpotnts are considered that alarge range of values 
for RBE are encountered. With the development of the concept of RBE, a new unit, the rem (roentgen 
equivalent mammal (man) ), came into use. The rem Is the product of the absorbed dose (in rep) and 
the RBE for the particular type of ionizing radiation used and biological endpoint measured. 

Ad explanation for the fact that from a given physical dose the magnitude of the biological results 
varies is probably related to differences in linear energy transfer. Basically, it has been observed 
that, for the same physical dose, as the linear energy transfer (or the density of ionization per unit 
path length) increases, the magnitude of the biological effect goes through a maximum. A rigorous 
discussion of the mechanisms involved is not attempted here. Then, for the heavy charged particles 
(alpha particles and protons), the biological effect will generally be greater man for gamma rays. Since 
most of the energy transmitted to tissues from neutrons is through the ionization produced by recoil 
protons, tt would be anticipated that for a given physical dose (erg-gm -1 ) neutrons would produce a 
greater biological effect than gamma rays. 

For military medical purposes, an important RBE, but not the only one desired, is the RBE 
for bomb neutrons for acute lethality, that is for the LD». This RBE has not been determined directly. 
An acute response which has been thoroughly studied is the spleen-thymus weight loss. Field tests 
indicate that this RBE is approximately 1. 7 in mice. 34 Based on this value the spleen-thymus RBE for 
man has been estimated to be 1.3.^* Until more definitive data become available, these values may 
be considered to apply for the LD|o RBE. 

For 60 -in. cyclotron fast neutrons with a different spectrum, the LDj, RBE in dogs is approxi- 
mately one. 36 This indicates that the estimate of 1. 3 may be high and that the RBE for acute lethality 
for man for bomb neutrons may be one or less. 

2.4 ACUTE RADIATION SICKNESS 

2.4.1 SYMPTOMATOLOGY 

For military medical purposes the acute radiation syndrome should be considered from the 
following standpoints: 

1. symptomatology and relationship of symptomatology to continued military effectiveness, 

2. incidence and duration of symptoms as a function of dose, and 

3. Incidence of lethality as a function of dose. 

For man the most useful sources of information are (1) the evaluation by the ABCC of the 
Hiroshima and Nagasaki experiences, l (2) experience derived from clinical radiation therapy, and 
(3) the evaluation of the Marshallese exposed in March 1954. 2 Unfortunately, all these sources of 
information contain basic uncertainties precluding good quantitative conclusions. 

The Hiroshima and Nagasaki data are valuable for a description of disease, but cannot be closely 
correlated with dose because the dose is not known nor are estimates of the dose good. Clinical radia- 
tion therapy experience is complicated because most is partial bxly radiation, and in addition is compli- 
cated seriously by the underlying disease for which the patient is receiving therapy. Furthermore, 
many patients have imparted to them some degree of awareness of nausea and vomiting as possible 
complications of radiation therapy, «"«""£ this symptom difficult to evaluate. The knowledge gained 
from the study and treatment of the Marshallese is also complicated by uncertainty as to the dose re- 
ceived and the effect of a changing dose rate. 
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Figure 2. 4:1 Diagrammatic Representation of the Penetrating Radiation Syndrome in Man 
Following Acute Exposure and the Stages at Which Death Commonly Occurs. ^ The height 
of the vertical lines represents the severity, and the distance between die lines represents 
relative incidence of various conditions denoted at the bottom of the graph. 
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Figure 2. 4:2 Diagrammatic Representation of Radiation Syndrome. 3 ® The line represents 
the number of individuals dying per day. The degree of blackening represents the severity 
of the symptoms. 
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The situation is such that for the acute radiation syndrome, the symptoms encountered can be 
described. Evaluation in relation to dose, more importantly quantitative evaluation as to incidence, 
particularly in the range from no symptoms to 50 to 60 percent individuals symptomaUcally affected is 
not available. There is no information available for the case of protracted radiation. 

The earliest symptoms are nausea and vomiting, generally occurring within 6 hours after a 
single acute whole body penetrating gamma ray exposure37, S8 ( see Figs. 2.4:1 and 2.4:2). Hereafter in 
the discussion, it is Implied that the air dose figure mentioned does not include scattered soft gamma 
radiation. The incidence of nausea and vomiting as a function of dose is not jrell known. Probably 
below 50 to 100 r (air gamma exposure) there are no symptoms, and above 250 to 300 r there is a 100 
percent involvement, but between no involvement and 100 percent involvement, the data are meager. 
The sickness dose for 50 percent of the population exposed is estimated as 150 r. 3B In a study of a 
small group (approximately 20 patients) treated with 200 r (skin dose) unilateral almost whole body 
radiation exposure, nausea and vomiting was noted in approximately SO percent. 40 Of the Harshallese 
exposed to 175 r (air dose) over a period of approximately 46 hours, wiih 75 percent of the dose deliv- 
ered in 36 hours, nausea was noted in two-thirds and vomiting and diarrhea in one-tenth. At doses below 
200 r there are no additional symptoms. When both nausea and vomiting exist, it should be presumed 
that such individuals are not capable of satisfactorily performing a military task. There is np informa- 
tion on the capability of man to perform work following an exposure to radiation sufficient to induce 
these symptoms, nor is there adequate information as to the duration of these symptoms. Other 
clinical states Involving nausea, vomiting and diarrhea are generally associated with malaise and 
lassitude sufficient to prevent the carrying out of useful physical work. In addition, the unevaluated 
and unknown degree to which individuals are motivated may play an Important role. For the present 
the assumption of inability to perform a task is probably the best that can be made. The time required 
for recovery from these symptoms to full working or even partial working capability is not known: 
possibly a few days are sufficient. 

At higher dose levels additional manifestations of radiation sickness appear, generally after a 
latent period of a few days. Because of the scarcity of data, it is difficult to describe the precise time 
course of the onset and extent of involvement, although various tables have been prepared in general, 
having their origin in the Hiroshima and Nagasaki experiences. 

Following the initial nausea and vomiting, there is a latent period or asymptomatic period 
varying from approximately 1 to 3 weeks at 200 r to perhaps of the order of 1 week in the mid-lethal 
range (400-500 r). Following the asymptomatic period, at 2 to 4 weeks after exposure, malaise and 
lose of hair (epilation) occurs. Small hemorrhages (petechiae) in the skin and mouth appear. Ulcer- 
ations in the mouth with symptoms similar to that of a sore throat plus bleeding from the gums occur. 
Similar ulcerations in the bowel result in diarrhea. These complications are associated with alterations 
in the blood clotting mechanisms and a low white blood count. In the more heavily exposed (within the 
lethal range), anorexia, weight loss, and fever become the prominent symptoms. The red blood count 
decreases, and the symptoms become more pronounced, leading to death. Analysis of the Japanese 
experience indicates that percentage lethality can be correlated with lowest white blood count atpartic- 
ular times (see Fig. 2. 4:3). 41 in the survivors there is a variable period during which recovery takes 
place. In the range of moderate to marked symptomatology, recovery to the point of being able to per- 
form usual tasks may be of the order of 3 to 6 months or even longer. 

At supralethal doses, 1500 r or greater, central nervous system alterations have been observed 
in monkeys. At very high doses (10,000 r or greater) delivered in less than an hour, death may super- 
vene during the irradiation or within a few hours. In monkeys lethargy, convulsions, and other neuro- 
logical manifestations occur. *2 no data are available for man in this dose range. 

At present it is not possible to predict for a given air dose for either unilateral exposure or for 
infinite plane. source geometry the percentage lethality. It is recognized that for unprotected exposure 
in a fallout field there is received a combined beta and gamma radiation. Consideration of the biolog- 
ical effect of this type of mixed radiation is not possible at present. Probahly below 200 r air dose 
there will be no lethality, or at most, a few percent, while above 700 r there will be few survivors. 
Where in this range the LDj 9 falls is open to question. By convention it has been set at 400 to 450 r 
(with an unspecified source and source geometry), but this is not fixed. Furthermore, the shape of the 
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mortality vs dose curve is not known for man. In experimental animals, the shape of the mortality vs 
dose curve has been determined in a large number of experiments. A convenient method of expressing 
the result is the problt transformation, since this transformation results in a straight line. 43 However, 
it must be pointed out that these studies In animals, except for a few such as those carried out in 
mongrel dogs, have been conducted with pure bred laboratory animals of the same age. To postulate 
similar results from a probit transformation in man is not reasonable. In addition, the effect of chang- 
ing the source geometry is not known for man, although it would be expected that a change from uni- 
lateral to bilateral exposure or to Infinite plane source geometry would produce a significant decrease 
in air dose LD,, as it does in the pig. ** The original analyses of the Hiroshima and Nagasaki data and 
speculation led to the adoption of 450 r as in LD|». The experience gained from the Marshallese sug- 
gests a lowering below 450 r. 
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Figure 2. 4:3 Correlation Between Human Mortality and White Blood Count. 41 



It should not be thought that these indicate basic differences: the original figures derived from 
the Japanese data are subject to considerable error with regard to dose and are for unilateral single 
short duration radiation, while the Marshallese data result from a more protracted radiation, with an 
infinite plane source geometry plus an unknown quantity and unknown effect of beta radiation to the skin, 
and from the opinion that the dose received was on the borderline of lethality (50 to 100 r more would 
produce some mortality). Recent review of the Japanese data in the light of newer weapon? test data 
suggests an increase of the LD, to approximately 650 r (air dose). Weapon yield, height of burst, air 
density, and shielding uncertainties for the Hiroshima and Nagasaki bombs are such as because this 
estimate to be questioned seriously. In fact, the error assigned is approximately + 200 r. 
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2. 4. 2 CURRENT THERAPEUTIC CONCEPTS 
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As a basis for discussion, it must be presumed that at present there is no specific curative 
treatment for the acute radiation syndrome in man. For the experimental animal, there are a number 
of modalities used either before or after irradiation, leading to reduction In acute mortality. These are 
(1) radiation in the hypoxic state, (2) transfusion of bone marrow or spleen or homogenates of bone 
marrow or spleen, (3) various chemicals, e. g. , cysteln, (4) antibiotics, and (5) blood transfusions. 
Only the last two are, at present, to be considered applicable to man. 

In clinical radiation therapy amelioration or reduction in the incidence of nausea and vomiting 
has been claimed for a number of diverse agents, e. g. , (1) adrenal cortical hormones. (2) adreno- 
corticotrophlc hormone, (3) various vitamin preparations, and (4) beta-mercaptoethylamine. All of 
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these are of somewhat dubious value. Lacking a specific therapeutic agent or regime, treatment has 
been symptomatic and supportive. Bed rest, fluids, antibiotics and transfusions have been used as 
indicated. 

2. 4. 3 PROBLEM OF PARTIAL BODY SHELDING 

Clinical radiation therapy experience and extensive experimental animal research indicate that 
shielding part of the body is effective in reducing the magnitude of the actue radiation Injury and is 
associated with an accelerated recovery, particularly of the bone marrow. It is probably this latter 
fact that accounts for the reduction in mortality. The value of such shielding In military situations is 
difficult to estimate. The degree to which this permits an individual to raise head and shoulders above 
ground level while in a foxhole or be exposed through an aperture in some other shielding and avoid the 
consequences of radiation injury Is not known. An additional problem in shielding considerations is the 
fact that the more desirable types of shielding for neutrons are not the same as for gamma rays. It has 
been found that for shelters with about 3-1/2 ft or more overlay of earth, gamma radiation is the most 
important factor even when the outside neutron flux, as measured with a sulfur threshold detector, was 
2.4 x 10 11 neutrons-cm- 1 or less ,a flux which Is approximately four times the LDf, (see Table 2.2:1). 

2. 4. 4 DESCRIPTION OF BETA "BURN" 

For localized beta radiation the best clinical description available is that of the results in the 
Marohallese. In these individuals the minimum time for development of skin lesions was 12 to IS days. 
The first indication of the development of a skin lesion was an Increase in skin pigment in localized 
areas. This was followed by scaly desquamation in the central portion of the lesion, leaving an area of 
pink depigmented skin. Gradually the pink area spreads out Into the darker -pigmented area, with 
eventual complete healing. In other areas, presumably where the dose to the skin was greater, blisters 
developed which opened, leaving a raw, weeping area. This is comparable to a second degree thermal 
burn. New skin covered these areas in 7 to 10 days, and was followed by pigmentation. Unfortunately 
the dose to the skin could not be measured and cannot be calculated or estimated. Presumably lesions 
which developed blisters resulted from a dose to the skin, which, if the total body skin were involved, 
would be lethal. However, If lethality is comparable to that observed in thermal burns, involvement of 
less than 100 percent of the skin would result in lethality. For example, an untreated 33 percent body 
surface area second degree thermal burn is in the lethal range. Probably similar results would be 
obtained with beta radiation. Table 2, 4:1 shows the surface dose required to produce recognizable 
epidermal injury for pigs, sheep, rabbits, rats, and mice for several different isotopes. Except for 
S* this dose is from 1500-5000 rep. For S* 5 it is 20,000-30,000 rep. Higher doses are needed when 
S 3 * is used, since only a small fraction of the beta particles will penetrate to the sensitive layer of the 
skin. For other weak beta emitters similar considerations will apply. Calculation of the dose at the 
sensitive layer of the skin under these conditions is difficult and not reliable. 

2. 5 LONG TERM (LATE) EFFECTS 

2. 5. 1 SHORTENING OF LIFE SPAN 

The" long term effects of irradiation can best be considered from the standpoint of reduction in 
life span. 47 Animal experimental data clearly indicate that one of the consequences of total body 
X -radiation is shortening of life span. This reduction in life span is conspicuous In the case of those 
who develop leukemia, but other tumors may have their origin in radiation. However, in many in- 
stances, there is no specific pathological change attributable to X-radiation but a general pattern of 
premature aging. For this reason, shortening of life span, which represents the end result of all the 
injury produced,is probably the most sensitive and satisfactory criterion for determination of the long- 
term hazard. 

There are several different mathematical approaches to the study of this problem. These are 
the adaptation of the Gompertz formulation to radiation, the Sacher, and the Blair theories. * 7 



From the available animal data, the life span shortening for a single acute dose Is on the 
average 3 percent per 100 r. The relationship between reduction in remaining life span and dose is 
linear. For older animals, theory predicts that the percentage reduction of life span increases approxi- 
mately threefold. Fig. 2. 5:1 shows the predicted results for chronic radiation. 

What can be said about man? At present, there Is only one good potential opportunity for ob- 
servation and that is the experience at Hiroshima and Nagasaki. It is hoped that in the near future the 
ABCC will publish their findings in this field. It Is possible, but not probable, that some data regarding 
shortening of life span from a sublethal dose of radiation may become available from the continuing 
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study of the Marshallese. However, It has recently been reported that radiologists have an average life 
span of 5. 2 years (approximately 12 percent) less than other physicians not exposed to radiation. 4B 
This reduction is compatible with the extrapolation of the animal results to man and estimates of the 
exposure of radiologists to radiation. Brues and Sacher have developed two postulates for the extra- 
polation from species to species. These are: 

1 . Far the single acute dose - the percentage reduction in Life span is the same. 

2. Far chronic irradiation • to produce the same percentage reduction remaining in life span, 
the dose rate to an Individual of species 2 should be 



Dtfl 



(2.5:1) 



where 



_ life span species 1 
life span species 2 
D, = chronic dose rate to species 1 

X>i = chronic dose rate to species 2 



Thus, for man, the dose rate to produce the same percentage decrease in life span should be approxi- 
mately 1/18 that observed in the rodent. 
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There are two features of Blair's theory and method of analysts that require further explanation. 
The Blair theory predicts that the acute dose LDi* decreases with age and that thlB decrease is linear. 
This has been tested in only a very limited way, and indeed the acute LD^ dose does decrease with age 
in rats, but the data are not sufficient to determine the rate of decrease of LDjj with age. Because of 
certain pulmonary complications observed in older rats, extension of this observation to other species 
may not be warranted. The Gompertz function type of analysis also predicts that the LD^ should de- 
crease with age. Since aging and irradiation injury are additive, older animals will require less 
additional injury, whatever the source, to produce death if the injury produced is comparable to normal 
aging. For man, there is no information available on this aspect. 
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Figure 2.5:1 Predicted Shortening of Life Span from Chronic Radiation as a Function of 
Dose Rate for Rodents, with Extrapolation to Man. Extrapolated results for man are 
given based on the Blair Theory, the Gompertz Function, and the Sacher and Brues Pos- 
tulate. The results of the Sacher and Brues Postulate are almost identical to those ob- 
tained and plotted from the Gompertz Function. 



2.5.2 CATARACTS 
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Cataracts are changes in the lens of the eye which can impair vision. The dose to produce 
cataracts in man is not known with any degree of certainty. It is probably relatively low for X-rays, 
in the range of the LD H , and considerably lower (estimated at 50 n or approximately 100 rep) for 
neutrons. Cataracts are a particularly serious potential complication of neutron radiation. The RBE 
for cataract formation from neutrons is approximately 10 to 20. 

2.5.3 FERTILITY 48 

Fertility is difficult to evaluate quantitatively. Depending upon the dose, there can be anything 
from a mild depression of sperm formation up to permanent sterilization. The dose for permanent 
sterilization is in the range of slightly larger than the lethal dose. In males a single sublethal dose re- 
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suits in a decrease In sperm count that can be considered as relative sterility. Recovery is a slow 
process, taking up to one year.* For the female, doses of 125-150 r produce amenorrhea, and 170 r 
produces sterility of 12 to 36 months duration. Parenthetically, It is of interest to note that survivors 
of serious radiation accidents have produced children. 



2.6 GENETIC EFFECTS 
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That radiation results in genetic changes is unquestioned. While much work has been done on 
the genetic changes induced in lower organisms, particularly the fruit fly, there is little mammalian 
experimental data and that almost entirely in the mouse. The great uncertainty for man is the relation- 
ship between dose and number of mutations produced and their manner of expression. In general, it is 
assumed that radiation -induced mutations are deleterious. Genetic changes are a problem for the 
survival of mankind when the whole population or a large fraction of the population is heavily exposed; 
radiation of small groups is more a problem in the concern of the Individual for the welfare of his 
progeny than for the survival of mankind but cannot be neglected. With the increasing development 
and use of various radioactive isotopes for nonmedical purposes and the use of reactors for propulsion 
and power systems, large numbers of people may be exposed to radiation. Thus, the small groups may 
become considerably larger in the near future. 

There are several observations regarding the genetic changes induced by radiation which may 
be summarized as follows: 

1. Radiation induced mutations are deleterious — if not all, most are. 

2. There is no recovery from radiation -induced injury as it concerns genetic changes. 

3. The amount of injury produced is directly proportional to the total dose. 

From experimental observations in fruit flies and mice, it is suggested that a dose of 30-80 r 
to the entire population will double the mutation rate. The consequences of this are difficult to estimate. 
Particularly so since the manner of expression of many of these genetic changes is not completely 
understood; in fact, is but little understood. These changes could find expression in terms of various 
constitutional deficiencies, varying from those which result in a shortening of life span to those in- 
volving the capacity to perform mental tasks. It is entirely possible that doubling the mutation rate 
could be a serious burden, economically and medically. It has been recommended that the average 
dose for the reproductive period be kept below 10 r above background. For some individuals, this may 
be exceeded but should be limited to a total dose of 100 r, of which no more than 50 r should be ac- 
cumulated before age 30. ^ 

2. 7 EFFECT OF PROTRACTION AND FRACTIONATION 47 



Both animal experimental evidence and clinical radiation therapy experience clearly indicate 
that protraction of the delivery of the dose for days, weeks or months, or fractionation of the dose over 
similar periods of time results in a smaller biological effect, generally a lower incidence of lethality 
that does a single dose of the same magnitude delivered over a period of minutes. This does not in- 
clude genetic effects. 

This implies recovery from the injury produced by radiation. The rate of recovery may be 
measured by administering a sublethal dose, generally 1/2 LDj,, and then at various later time in- 
tervals determining the additional dose required to produce 50 percent lethality. Such experiments 
show that the amount of the second dose to produce 50 percent lethality increases with time. If the 
logarithm of the difference between the single dose LDh and the second lose to produce 50 percent 
lethality is plotted as a function oi time, a straight line is obtained for short times, implying that re- 
covery is a first order process. (LD* - Second Dose) = (First Dose) e" et . However, experimental 
studies show that recovery is not complete; the irreparable component amounts to about 10 to 20 per- 
cent of the injury produced. 

In the mouse the recovery rate is from 10 to 20 percent-day 1 , in the rat 7 to 10 percent-day" 1 , 
in the dog about 4 to 5 percent -day' 1 , and tn the monkey 14 percent-day" 1 . The recovery rate for man 




is not known. Studies of the recovery rate for erythema (reddening of the akin) In man Indicate much 
larger recovery rates; however, this is not the recovery rate desired for military medical purposes. 
Actually, the recovery measured In lethality experiments is not a single physiological process; tt re- 
presents the net recovery of all the physiological processes necessary for the maintenance of life, and 
with each weighted according to Its significance is the maintenance of life. 

The effective dose is defined in terms of the results of a single acute dose, and is best Illustrated 
by an example. If the acute dose to produce 50 percent lethality within 30 days is 400 r, then the 
effective dose of any system of fractionation or protraction that produces SO percent mortality in 30 
day is 400 r, although the physical dose may be much greater than 400 r. 

From the Blair theory, for the particular case that the animals are young, that each dose Is 
administered within a short period of time, and that death occurs in a few weeks 



D eff * 



nf + (1-f) 



(e-° 9At -l) 
(e" eAt -l) 



(2. 7:1) 



where 

f = fraction of injury, irreparable 

D = single dose 

n = number of single doses D - "* 

© = rate of recovery, day -1 

M - interval between single doses, days. 

For man it is recommended that = 0. 05 day -1 be used rather than the more commonly quoted 
= 0. 29 day -1 , which is based on animal data and a limited interpretation of animal data. It is re- 
commended that a value of f between 0.10 and 0.20 be used, although there is no evidence to support 
this recommendation. Other relationships proposed for calculation of the effective dose are those of 
Loutlt, that in the French EAW, and that of Hoffman and Reinhard. 



Loutit proposes that 



D « " l 
eff 



- * kl D(0) 



(2. 7:2) 



where 

D(0) = constant dose rate, r-day -1 
kj = constant = 0.64 
t = time of irradiation, days. 

The French EAW proposed that 
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(2.7:3) 



where k s = constant = 0.36. 
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Hoffman and Reinhard propose that 



D rff = D(0) 



1-k, 



1-k, 



(2.7:4) 



where t^ = constant = 0.96. 



These latter three equations are concerned with one parameter, that relating to recovery, and make no 
provision for the accumulation of an irreversible injury. Fig. 2. 7:1 shows that there is considerable 
disagreement between the results predicted by these equations. In the absence of data, no one can be 
selected as being applicable to man. 






5 


* 




e 


8 


10 


ia 


14 


16 


ie 


20 




70 






























| 




| 


70 




| 






















Bhlr(f-0.I. 
8 - 0. OS day-') 


^K^HOffmsifi 
- and Reinhard 




SO 




1 




























.-^* 


60 




i 

1 I 
































1 










































SO 


50 


— 


i ' 






























. 




u 


i-i- - 


- 






























i _ . 


40 


& 


t^ 
























_i ■ 




fa 






i 


























1 


sn 


= 30 

u 


































I ! 








_- i- _ 




























i 
i 


f.0 


20 

































1 


■nch EAW _ 








jy _**~- 




























jfir ' ^^^^ \ . 


















1 


1 




to 


10 


U^f' 



































i r 
i 






















J 




i 





10 12 14 16 IS 20 

Tine, day* 



Figure 2. 7:1 Comparison of the Various Equations Purporting to Calculate the Effective 
Dose for Chronic Radiation at 5 r per Day. 



In terms of the Blair theory, it may be shown that for a fallout field the effective dose rate is 



D eff = WH4.1) 
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(2.7:5) 



where 

D(H+1). 
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dose rate at B + 1 hr 

time of entry Into fallout field (units of time after detonation). 

time of exit from fallout field (units of time after detonation). 
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Figure 2. 7:2 The Ratio of the Physical Dose and the Effective Dose to H+l Hour Dose 
Rate for a Fallout Field Using the Blair Equations as Modified for a Changing Dose Rate. 
Time of entry into fallout field is H+12 hr. Curve I shows the predicted effective dose 
for the condition that f = 0, 2 and e = 0. 04 day -1 . Curve n shows the predicted effective 
dose for the conditions that 1*0.2 and 6 = 0. 24 day" 1 . 



Fig. 2. 7:2 shows examples of the calculations that may be carried out. Particularly of interest is the 
effect of variation of 6. 



2.B INTERNAL CONTAMINATION 

2.B.1 SOURCE 

The radioactive isotopes produced in the process of fissioning of uranium and plutonium In an 
atomic explosion are widely distributed over the entire world by the winds. There is a slow settling of 
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these particles from the atmosphere, die rate of descent being governed by particle Bize and shape, and 
the location of the fallout being dependent upon the rate of descent and wind patterns. There are a num- 
ber of variables involved, none of which is completely understood. 50 The quantity of material in the 
stratosphere and the rate of movement from the stratosphere to the troposphere have been estimated, 
the Utter having a half -time of approximately 10 years and the former has been estimated as varying 
upwards from a few percent to over 50 percent for a land burst. 



2. B.2 ROUTE OF ENTRY INTO MAN 

There are three routes of entry: Inhalation, ingestion, and open wounds, 

1. Inhalation 

During the period when radioactive particles are falling out, inhalation is a route of entry into 
the body. After settling on the ground, these particles can become airborne again and thus available for 
inhalation. The distribution within the respiratory passage of radioactive particles Inhaled is strongly 
dependent upon particle size. ^ In general, 

a. Particles less than 0, 1 micron are inhaled and then exhaled. 

b. Particles 0. 1 to 3. microns reach the lungs and are deposited in the alveoli. 

c. From 3.0 to 10 microns particles reach and deposit themselves upon the walls of the 
trachea, bronchi, and bronchioles, and are worked up to the larynx and ultimately swallowed. 

d. Above 10 microns particles are filtered out in the nose. Rainfall occurring at the time of 
passage of the atomic cloud has been shown to result in an increase in the urinary Sr" and 
I 131 content of man, strongly implicating inhalation as a significant route of entry. ^2 

2. Ingestion ~" 

Radioactive materials settling upon the ground may be incorporated into or coat the surface of 
plants which are subsequently eaten by man or by livestock which later are eaten by man. Evaluation 
of the importance of this route of entry and the hazard Involved is complex. Movement of fission 
products through the soil, uptake by plants, use of plants for animal fodder, and subsequent ingestion 
by man all are important and not well documented factors. The presence and amount of Sr'° in dairy 
products is well documented, although the details, particularly quantitative, of the movement of this 
Sr" through the biosphere are lacking. ^ 

The relative significance of these two routes of entry is 6tUl to be determined. 

Water does not appear to be a significant route of entry of fission products into man. 5 ^ How- 
ever, this may not be applicable for local fallout. 

3. Open wounds 

Open wounds do not appear to be a significant route of entry into man except in unusual cir- 
cumstances. 



2.8.3 METABOLIC FATE 

The metabolic fate of the fission products is dependent upon a number of factors. For each 
element it is different, and for each element and chemical species of a given element it may be different. 
For example, particles inhaled and reaching the alveoli, if they are soluble in body fluids, are ab- 
sorbed, reaching the blood stream, and are subsequently distributed throughout the body in accordance 
with the manner in which the body treats that particular compound, while if insoluble, the particles may 
be concentrated in the lymphatic system of the lung and remain within the lungs and lymph nodes 
draining the lungs for that individual's lifetime, constituting local areas of intense radiation. The con- 
siderations of particle size and chemistry must be applied to all of the fission products. 
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Within the gastrointestinal tract, similar consideration* apply. For materials mat are ab- 
sorbed, the distribution in the body varies. For example, iodine, as Iodide, is taken up by the thyroid 
gland and subsequently released to the blood stream as organically bound iodine. 

Probably most important Is the fact that many of the fission products that reach the blood stream 
are taken up and retained for long periods of time by bone. Animal experimentation and the history Of 
the radium dial workers indicate that this is a serious problem leading to serious complications, such 
as malignant bone tumors, although other less serious pathology can and does occur. In fact, In 
animal experiments It can be shown that such bone deposition can lead to shortening of life span in the 
absence of specific pathological changes In the bone. ™ 

2. 8. 4 BIOLOGICAL EFFECTS 

The quantities of most materials that can gain entry into the body are such that if they are not 
normal metabolites, the quantity presentls not sufficient to be toxic merelyby virtue of their chemistry; 
the injury produced is that of Irradiation of the tissues. Depending upon the tieeue Involved, time 
factors, and the dose and dose rate, a wide range of pathological changes may occur. These will vary 
from no discernible anatomical change, but with subtle physiological changes for low doses, to the 
production of malignant tumors at higher doses. The latent period for these changes may, as In the 
case of radium dial workers, be up to 10 to 20 years or more. 

2. 8. 5 THERAPEUTIC ASPECTS 

The therapeutic problem is largely concerned with a particular class of isotopes, namely, those 
associated with deposition in the bone and commonly called "bone seekers." Unfortunately, therapeutic 
measures now under investigation, principally removal by chemical agents, are not particularly 
promising. 55 Therapy of the radiation injury produced by internally deposited radioactive isotopes is 
as unsatisfactory as for external radiation; there Is no good means of treatment. 

Analysis of the biological properties of the fission products has indicated that the long-lived 
isotope of strontium, Sr* B , is the greatest hazard, although it is not the only long-lived isotope that may 
be hazardous. Project Sunshine has reviewed the biological properties of strontium, the worldwide 
distribution, in particular in food and water, and the present levels of body burden of St", 53 The fact 
is that Sr'° is now present in human bone and is thought to be derived from food, principally dairy 
products. At present the quantity of Sr ,D present in man ie low compared to the estimated toxic levels. 
However, the change in bone Sr*° content with time Is not known; a good evaluation of the tolerance 
level is lacking and recent work implicates an inhalation route of entry as at least partially responsible 
for the present body burden. While considerable attention has been directed towards Sr w , other fission 
products can and do gain entrance to the body.52, 56 it is the bone deposition of Sr M that gives rise to 
concern; the majority of the other fission products are either produced in small quantities compared 
to strontium, are relatively rapidly excreted or have short physical half-lives. In the latter class fall 
the iodine isotopes. Nevertheless, they will contribute to the injury produced and should not be ignored. 

2.9 COMBINED INJURIES 57, 58 ' 59 

Experiments in swine, dogs, and in rats indicate that the lethality of combined nuclear radiation 
damage and thermal injury is greater than would be expected. These studies have been carried out by 
determining the lethality produced by thermal injury alone, by radiation injury alone, and by combined 
injuries. For example, thermal burns and radiation exposures that, by themselves, would result In no 
mortality give rise to significant mortality when combined. Also thermal burns or radiation injury at 
levels that result in low mortality when combined lead to considerably greater lethality than expected. 
Quantitative translation of this data to man is not possible at this time. Nevertheless, it should be 
anticipated that In man the same findings will occur; namely, mat these effects are not simply additive. 

It is also probable that similar results will be obtained when radiation is combined with other 
forms of traumatic injury. A calculation of the magnitude of this effect is not possible. The variety of 
types of traumatic injury is such that any calculation would be of ltttle value. 



2. 10 MAXIMUM PERMISSIBLE LEVELS OF RADIATION 

As a fundamental premise it must be considered that all radiation is deleterious. However, 
radiation and certain radioisotopes have come to play important roles. For example, great strides 
have been made in medicine since the introduction of X-rays for diagnostic purposes; radioactive 
isotopes have proven to be a potent tool in medical research, and to have therapeutic value in certain 
diseases; the industrial uses of X-rays and radioactive isotopes are increasing rapidly; and finally, 
reactors are being used for the production of power. With all these beneficial uses, there comes the 
hazard involved. 



2. 10. 1 EXTERNAL RADIATION 

Since the introduction of X-rays, as more data on the late effects of irradiation became available, 
there has been a progressive reduction In what has been considered to be a "safe" maximum level of 
exposure. 

Handbook No. 59 (National Bureau of Standards) reviews the present "tolerance" levels. In 
general, it is recommended that for continuous total body X or gamma radiation, the maximum permis- 
sible exposure be 0. 3r-week~'. However, it should be mentioned that this number is being reviewed, 



and that probably some reduction wiU be made. 



2.10.2 INTERNAL RADIATION 



(1) 



The maximum allowable concentration of radioactive isotopes in the body is largely based upon 
the assumption that the dose rate to the critical organ be no greater than 0. 3r-week -1 . Because of 
varying biological properties, the critical organs vary with different isotopes. In general, bone and 
bone marrow are the critical organs, although not for all isotopes. Handbook No. 52 (National Bureau 
of Standards) lists values of the maximum permissible amount for a number of isotopes. Calculation 
of these quantities is complex, and depends upon the distribution within the body, the radiations emitted, 
the biological turnover time, and for alpha emitters an estimate of RBE or comparison with radium. 
There are many uncertainties involved, and like the limits set for external radiation, they are being 
reviewed. 
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Chapter 3 
INITIAL GAMMA RADIATION 



3.1 INTRODUCTION 



Initial gamma radiation is here taken to be the gamma radiation emitted during the f irwt 60 
seconds after the detonation of a nuclear weapon. The initial gammas are accompanied by neutron 
emission (see Chapter 4) but in most operational situations (except for short distances from the point 
of burst, for thin casing weapons and/or high altitude, low atmospheric density bursts) the Initial 
gamma contribution to the total dose 1 (for unshielded receivers) Is much greater than that from neu- 
trons. About S percent of the fission energy appears In the form of gamma radiation (both Initial and 
residual). This figure does not include gammas produced as a result of neutron capture. 

The gamma radiations can stem from, several processes but only two processes account for 
essentially all of the Initial gamma dose. The first of these Is the gamma radiation produced as a 
result of capture of bomb neutrons In atmospheric nitrogen. 2 About 11 Mev of gamma energy are 
released per neutron capture in nitrogen and the gammas produced are primarily in the energy range 
of 4. & to 11 Mev. The second source is the gammas emitted by decaying fission products and a total, 
over all time, of about 5 Mev of gamma energy is produced per fission. The energy of these fission 
product gammas is much lower than that of the nitrogen capture gammas, their average energy being 
about 1 Mev. This chapter deals with the doses resulting from these two sources. (A third and rel- 
atively unimportant gamma source, which we do not consider, is the gammas which are emitted dur- 
ing the fission process rather than from fission products. Most of the prompt fission gammas are 
thought to be absorbed In the weapon components. ) 

It is convenient for our present purposes to classify weapons in terms of low, Intermediate, 
and high yield. Low yield weapons will be defined as those below 10 KT, intermediate yield weapons 
those from 10 to 100 KT, and high yield weapons those above 100 KT. These divisions are appro- 
priate for the phenomenology involved and facilitate the presentation of results. 

In addition, the gamma radiation from all fission and boosted fission weapons, Independent of 
yield, will betaken as resulting entirely from the fission reaction. (The small contribution of gamma 
ravs due to the fusion reaction in boosted weapons will be neglected. ) Jhe gamma radiation from 
thermonuclear weapons results from both fission and fusion reactions. 




The gamma dose received at a point is dependent on 



1 . the characteristics of the source, i. e. , Its strength and distribution in space and energy, 
and 

2. the characteristics of the medium between source and receiver, i.e., the distance and 
materials traversed by the gammas. 

The gamma source strength and distribution are determined by the bomb yield and design. 



For a given design the source strength always varies linearly with the yield. The yield affects the 
gamma dose at the receiver tn a second important manner, however. As the bomb yield increases 
above about 10 KT, the shock effects become increasingly important. The shock wave tends to re- 
duce seriously the attenuating properties of the atmosphere around the burst point and therefore to 
increase the amount of radiation arriving at the receiver. The design of the bomb affects both the 
source strength and its distribution In space and In energy. That portion of the gamma dose arising 
from the (n, y) reaction in N u will obviously be affected by the spatial distribution of captures in 
nitrogen. This spatial distribution may be changed by modificatio ns in the bomb design which alter 
the number of neutrons 




The distance between source and receiver reduces the dose, due to apurely geometrical factor. 
For a point source which, in most cases, fairly well approximates the initial gamma radiation source, 
the decrease of dose with distance follows the Inverse square law. 

The media between the source and the receiver attenuate the gamma radiation by the processes 
of absorption and scattering. Absorption completely eliminates the gamma ray while scattering re- 
duces its energy and changes its direction. The gammas that arrive at any given receiver may do so 
with or without having experienced scattering during their flight from the source. The fraction that 
arrives directly from the source without scattering may be represented by an exponential function 
whose argument depends upon distance, upon the physical properties of the medium, and upon the 
energy of radiation. Determination of the scattered fraction is much more complex. For relatively 
simple geometries, scattering can be treated accurately through the use of a function known as the 
buildup factor. 3 Calculations of the buildup factor have been made for only certain of the situations 
of interest. For more complicated and realistic geometries, determination of the scattered radiation 
is quite difficult and up to the present such calculations have not been dene. Thus, should the straight 
line path between source and receiver lie in one medium whose density varies sharply along the path, 
or in two different media, or should the path lie close-to the boundary between two media, it is not 
possible at present to rely upon previously calculated results to compute theoretically the scattered 
dose. 

The medium usually traversed by the gamma rays is air, although other materials in the vi- 
cinity of the burst point or receiver may also be of importance. The presence of water in the air, as 
vapor or liquid, does not appreciably alter its propertiesfor the purposes of gamma ray transmission. 
On the other hand, changes of air density resulting from changes in temperature or pressure do affect 
gamma ray transmission characteristics in air. In particular, as noted previously, changes in air 
density due to the shock effect of intermediate and high yield weapons, have a very marked influence 
on the attenuation provided by the atmosphere and therefore on the gamma dose at the receiver. 

There are a number of uncertainties in our knowledge of the source and attenuating media 
characteristics described above. Among the most important of these are: 

Uncertainties in source characteristics 

1. Only limited Information is available on the spectrum of fission product gammas. 

2. The importance of gamma rays produced as a result of neutrons interacting with weapon 
materials is not well known. Not all of these neutron reactions are understood and the 
number of neutrons interacting will vary depending upon the bomb design. (It is thought, 
however, that in most cases this gamma source is probably small compared to the nitrogen 
capture and fission product gammas.} 

3. The spatial distribution of fission products, bomb and blast debris within the fireball and 
the rise of the fireball with time during the Initial gamma period are not well known. This 
has led to considerable uncertainty in the dose at small distances. 

Uncertainties in attenuating media characteristic* 



1. The influence of the blast on the medium is difficult to calculate accurately. 



2. Computations of buildup factors for scattered radiation in the atmosphere (which has con- 
stant composition but a density which varies exponentially wtth elevation) are not available. 
The use of buildup factors based on average quiescent air density between the point of burst 
and the receiver, as described in Chapter 1, may not be an entirely adequate treatment. 

3. The effects of the two-medium geometry and of the complications introduced In the scattered 
dose by the air-earth boundary have not been adequately evaluated. 

4. The extension of the fireball into the two media, as sometimes occurs, requires a more 
elaborate treatment of both direct and scattered doBes. 

In spite of the above uncertainties it Is possible to get usable results for a number of situations 
of interest. These results are primarily based on experimental data and simple theoretical models. 
In some cases, for example Burface bursts for low and intermediate yield weapons, the data are plen- 
tiful; in others very few or no adequate measurements have been made. Transformations of results 
from one situation to another have been made when possible and appropriate. 

Thefollowing sections of this chapter treat in turn the doBe-distance relations f or surface bursts 
(Section 3. 2], air bursts (Section 3. 3} and underground bursts (Section 3.4). In each of these sections 
the discussion is presented on the basis of bomb yield, the dose results being strongly dependent on 
this parameter. Section 3. 5 presents a summary of information currently available on the delivery 
rate of the initial gamma dose and Section 3. 6 discusses the distribution In energy of these gammas, 
both at the source point and at varying distances from the source. Finally, Section 3. 7 treats the 
problem of military shielding against Initial gamma radiation. 

3. 2 DOSE -DISTANCE RELATIONS FOR SURFACE BURSTS 

A surface burst is one which occurs on the earth's surface. A near-surface burst is one which 
occurs above the earth's surface but sufficiently close so that some portion of the fireball intersects 
the earth (either at the time of burst or within a few seconds thereafter). While some variation In 
dose-distance relations is to be expected with variation In burst altitude, surface and near-surface 
bursts will not be distinguished in this treatment but will be lumped under the single classification. 
Any error so introduced will be quite negligible compared to other errors which must be accepted. 

3. 2. 1 THEORETICAL CONSIDERATIONS 

The results presented for surface bursts are based on curves fitted to experimental data, These 
data are examined and correlated empirically with theoretical considerations which are developed in 
the following paragraphs . 

The model upon which the theoretical formulations are based is that of a point source of radi- 
ation in a single, infinite, and homogeneous medium and separated from a given receiver point by a 
fixed distance. The physical situation is, of course, considerably more complicated. 

First, the total gamma source, and particularly that portion of the source due to nitrogen 
capture, is actually distributed within some volume rather than being concentrated at a point. The 
boundaries of the volume source of fission product gammas are rather well defined by the boundaries 
of the fireball, while the volume source of nitrogen capture gammas extends beyond the fireball and 
is without sharp definition. 2 The total Initial gamma source is sufficiently well localized, however, 
so that at reasonable distances at sea level (say 1000 yd or more) it can be regarded to a good approx- 
imation as a point source. 5 ' 6 ' 7 ' 8 ' 9 ' 10 The validity of this approximation at medium and large dis- 
tances has been established in every test where dose-distance measurements have been made. At 
distances less than 1000 yd, the point source approximation grows progressively worse. 

Second, the initial gamma radiation leaving the source sees at least two different media, earth 
(or water) and air, neither of which is necessarily homogeneous. The non-homogeneity of the atmo- 
sphere is of primary importance while non -homogeneity of the second medium, earth or water, is 
only of minor interest. Non-homogeneity of the atmosphere is the result of two separate causes, the 
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shock ware effect and the normal variation* in atmospheric temperature and pressure. At least par- 
tial correction for each of these effects is possible. Thus, the effect of the bomb shock ware on the 
air density between source and receiver is treated through the use of the hydrodynamic scaling factor . 
The effect of variations in the quiescent air density due to normal fluctuations in ambient temperature 
and pressure is handled through the use of the average quiescent air density (see Chapter 1). At the 
present time we are unable, however, to treat properly the presence of two attenuating media. This 
problem is additionally complicated by the fact that the position of the source volume changes with 
respect to the two media during the 60-sec initial gamma period. During the first few seconds after 
the burst, part of the source volume may be within each of the two media. As the fireball rises, the 
source region emerges completely into the air so that the unscattered dose becomes Independent of 
the effect of the earth. The effect on the scattered radiation decreases with time until at some height 
the effect of the earth on the scattered dose becomes unimportant. 

Third, the distance between the source and the receiver is not constant with time since the center 
of the fireball rises from 10,000 to 40,000 ft in the first minute after the burst, depending on the bomb 
yield. A correction for cloud rise is not made in the present treatment. 



Derivation of Dose Equation 

Within the inherent limitations of the model established, the equation for the initial gamma 
dose may be derived. 

For a point source of gamma rays in a single infinite homogeneous medium whose energy spec- 
trum is continuous over an energy range from £ m in to E m „, the doBe at a point (integrated over all 
time) is given by 
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where 

D = dose measured at the receiver 

C(E) = conversion factor which determines the dose units 

Sy(E) = gamma source strength per unit energy interval and integrated over all time 

Mt(E) - total linear attenuation coefficient for gamma rays of energy E 

B[Mt(E)R] = dose buildup factor applying to gamma rays of initial energy E which have penetrated 
Mt(E)R mean free paths 

R = source-receiver distance 



A useful approximation to Eq. 3. 2:1 for the dose from a single source has been found to hold 
in most experimental situations. Thus 
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where 



C = conversion factor averaged over energy 

Sv = total gamma source strength integrated over all time and energy 
n = apparent linear attenuation coefficient. 




Both the buildup factor and the integration over energy are now included in the apparent linear attenua- 
tion coefficient characteristic Of the actual energy spectrum. This lumping of factors into u decreases 
the accuracy of the resulting expression but It remains useful for many circumstances. 

It Is customary* characterize particular bomb bursts by the yield W. fance for a given weapon 
design the source strength Sy is always directly proportional to the yield, W will be substituted for 
Sy in all further equations. The required proportionality constant between By and W is now included 
in C, the averaged conversion factor. It should be carefully noted, however, that changes in weapon 
design (which usually accompany large changes in yield) may strongly affect the energy distribution 
of the source and the proportionality constant between source strength and yield. Both C and fimay 
therefore be expected to vary to some as yet unknown degree with weapon design. 

The initial gamma dose Dl, results primarily from two separate sources, fission product 
gammas and nitrogen capture gammas. Thus 



"V ■ *[% + D nc] 



(3.2:8) 



where Dj p and Pq C are the doses due to fission product and nitrogen capture gammas from a bomb 
of unit yield. 

Each of the two components of the dose may be expressed by Eq. 3.2:2. 
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The apparent linear attenuation coefficient may be expressed in terms of the quiescent air den- 
sity p, the apparent linear attenuation coefficient in standard density air n tt and the corresponding 
apparent mean free paths in air X and X,. The quiescent air density p Is defined in units of d», the 
density of pure dry air at standard conditions (d ( = 1. 293 x 10"* gm-cm'*). Thus p is equal to the ratio 
of the actual air density to the standard air density d . 
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Thus the initial gamma dose is 



Dy = W 
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We may now make the approximate correction for variations in the quiescent air density be- 
tween source and receiver due to normal and relatively small changes in air temperature and pressure. 
The average quiescent air density p has been defined in Chapter 1 and the method of calculation pre- 
sented. Substituting p for p Eq. 3. 2:8 becomes 
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Finally a correction must be made for the variation In air density due to blast wave perturba- 
tion of the attenuating atmosphere between point of burst and receiver. This la accomplished by means 
of a hydrodynamic scaling factor h, which is a function of the bomb yield, the average quiescent air 
density, the distance from point of burst, and the type of radiation. Thus 
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The reason for the existence of the hydrodynamic scallngfactor can easily be understood. The 
attenuation of any radiation between source and receiver is dependent upon the number of mean free 
paths between these two points. The number of mean free paths is directly proportional to 



r 



p(x)dx 



In a quiescent atmosphere with given uniform density p t the value of the integral is obviously p,R, 
Now suppose that all the atmosphere inside a sphere of radius R is compressed Into a very thin 
spherical shell Just inside radius R. Applying the law of conservation of mass, it can eaaily be shown 
that the value of the integral is in this case equal to p,R/3 so that the number of mean free paths has 
been decreased to 1/3 of the unperturbed value. Since the blast wave is travelling outward from the 
point of burst, it is evident that the number of mean free paths to a point at radius R changes as a 
function of time. When the thin shell moves past the pout at R, the number of mean free paths may 
become much less than 1/3 of the unperturbed value over some period of time. 

The phenomena which occur in the propagation of the blast wave due to the explosion at a point 
are in reality much more complicated than the simple picture presented above. Certain properties 
of the real hydrodynamic scaling factor, however, are clear from the following physical considerations. 

1. For yields sufficiently low the value of b is unity, i.e., there is no appreciable compression 
effect on the atmosphere. 

2. For any given yield and quiescent air density, h will become constant with distance at a 
sufficiently large value of R. This is because the blast wave will have disappeared before 
reaching the distant point. The attenuation of radiation in penetrating to greater distances 
does not therefore depend upon the blast wave but only upon the quiescent atmosphere at 
those distances. 

3. The value of h for a particular kind of radiation can never exceed e*P"'\ where \ is the 
mean free path for that radiation in standard density air. This Is the value which the hydro- 
dynamic scaling factor would have for the case of infinite yield, in which case all of the 
attenuating medium would be permanently removed between the point of burst and the re- 
ceiver. This factor is just sufficient to cancel the exponential factor in the dose equations 
and its use is equivalent to specifying that in this case attenuation is only by geometrical 
and not by material means. 

4. For sufficiently small distance from the point of burst R, any explosion will tend to appear 
somewhat like an infinite explosion, at least for a short time. In this period all of the 
intervening atmosphere will be blasted away from between the point of burst and the re- 
ceiver. Under such conditions h will also be given by e**PR/*«. This statement is true to 
the extent that one can neglect the return of the atmosphere to its equilibrium condition 
while the radiation source intensity remains high. Naturally, for small yields thiB last 
condition is bound to be violated. 




'1 




From these considerations it is possible to immediately draw the general shape of the hydro- 
dynamic scaling factor curve aa a function of distance for some chosen air density and yield. Hie 
curve should begin at the origin (h = 1, R = 0) with a slope determined by the infinite yield value for 
h = e+Pw**. The slope should gradually decrease with distances, at large distances reaching a con- 
stant value. An Idealised plot of b as a function of R Is shown in Fig. 3. 2:1 for constant quiescent air 
density, and wim yield as a parameter. 
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R (linear scale) 



Fig. 3.2:1 Idealized Shape of Hydrodynamic Scaling Factor Curve as a Function of Source- 
Receiver Distance R, and of Weapon Yield W. 



Simplification of Dose Equation 



The general equation for the initial gamma dose which applies for all ranges of weapon yields 
and designs has been derived. 
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(3.2:8) 



This equation shows the dependence of the Initial gamma doee on two separate gamma sources and on 
the corresponding hydrodynamic scaling factors. As will be shown below, the component doses (Df p 
and Dn C ) do not scale with variations in air density in the same manner as do the hydrodynamic 
scaling factors (hfp and hn C ). It is therefore necessary to be able, in some manner, to determine 
the component doses separately from the hydrodynamic factors if we are to attempt to extend the 
limited data available over the wide range of air densities of importance. 

To achieve this separation we necessarily resort to simplification of Eq. 3. 2:6 since with our 
present knowledge It is not possible to use this relation directly. Two possible approaches to such 
simplification have been considered and are briefly discussed below. 

The first method attempts to use the little Insight we have on the interrelationships of the time 
of emission of fission product and nitrogen capture gammas, the yield, and the hydrodynamic effect. 
The emission times for fission product and nitrogen capture gamma radiation are quite different. 




Thus, the neutrons which generate nitrogen capture gammas are emitted very quickly during the fission 
reaction and escape Into the atmosphere where they are slowed down and finally captured. The mean 
lifetime In air at sea level of a neutron of any initial energy Is about 0. 07 sec. Thus, the gamma 
radiation produced from neutron capture in nitrogen should be most Intense at early times, of the 
order of 0. 1 sec. Fission product gamma radiation, on the other hand, Is emitted mostly after the 
nuclear reaction Is over and this source remains Intense over a much greater time interval. Because 
of the early birth of nitrogen capture gammas, it is to be expected that they should arrive at the re- 
ceiver before the blast wave and thus escape most or all of the resulting multiplication of dose. To 
alow order approximation one would expect therefore that h nc » 1.0 and that this approximation holds 
equally well for low, Intermediate, and high yields. The blast effect would then act only on the fission 
product gamma rays and the determination of hf p is what is required. Further simplification can be 
obtained by consideration of the variation of the hydrodynamic effect with bomb yield. For low yields 
(less than 10 KT) the hydrodynamic effect has been shown to be unimportant and h is essentially 1, 
while for high yields (above 100 KT) It Is of dominant Importance and h may be as high as 10 4 In the 
MT region. We may now consider the modifications of Eq. 3. 2:8 for the three ranges of weapon yield. 



Low Yield (less than 10 KT). Both hf p and h^. are approximately equal to 1. Thus, 



(3.2:0) 



Intermediate Yield (10 to 100 KT) . In this yield range h nc la still approximately equal to 1 but this 
may no longer be true of hfp- Thus 

°r - w [Vfp + °nc] (3 - 2:10) 

High Yield (above 100 KT) . The equation shown for Intermediate yields can also be applied to high 
yield weapons. Thus 
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(3.2:11) 
In the very high yield range where hfp Is quite large, Dn C may be small In comparison to 



and therefore 
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The second method of simplifying Eq. 3.2:8 does not attempt to explore the separate fission 
product and nitrogen capture gamma doses but rather defines an effective hydrodynamic scaling factor 
which applies to the sum of the two. Thus the effective hydrodynamic scaling factor is 
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The Initial gamma dose is now given as 

D v = W h „fD, + D 1 
y eff[ fp ncj 



(3.2:13) 



(3.2:14) 



We have chosen the second method of simplification and accordingly the presentation of initial 
gamma dose results and the correlation of experimental measurements will use Eq. 3.2:14. The 
analysis of experimental results will yield values of h^f rather than either bf p or h nc . This choice 
was based on several factors but primarily because the second approach appears to yield results 
more reasonably consistent with the limited amount of high and intermediate yield experimental data 
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available at present. Further, tt does to In a considerably simpler fashion and has the added ad- 
vantage that the stogie equation can be applied to all yield ranges. 

Scaling for Variations in Average Quiescent Air Density 

Values of the initial gamma dose Dy and the hydronynamic scaling factor heff are required 
over a wide range of conditions. While measured values of the dose (and consequently of hgff , which 
is determined from dose measurements) are available over most of the range bf interest for two of 
the important variables R and W, this is not true of the third, the average quiescent air density p. 
Almost all dose measurements for surface bursts have been made while p was In the range 0. 8 to 
0.9. Consequently, it is necessary to formulate scaling relations to allow extension of the measured 
values of Dy and of the derived values of hgg to other average air densities. 

Since a theoretical equation has been constructed for Dy, scaling can be done simply and exactly 
within the accuracy of the theoretical model. However, since the relationship between hgff and p is 
not known, scaling of heff requires the use of additional approximations and Is therefore subject to 
greater uncertainties. 

Scaling the initial gamma dose can be done in several ways, the most convenient approach 
being used here. The dose equation is 
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Transposing, 
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Since p and R are the only variables on the right side of the equation and they appear only as a product 
pR, 
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(3.2:16) 
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Therefore, if the quantity Dyrf/W heff is known for some distance R t and average density p 1( then 
the same value of DyR'/W heff holds for any other density pj and distance Rj, chosen such that 

PjRi = PtTtt 



or 



The Bame relation restated to 
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(3.2:17) 



5g| (PA) = ftPxRi) = ffoR,) = %j& &R»). 



(3.2:18) 



Eq. 3.2:17 and 3.2:18 are then the scaling relations required for transferring, not the dose, but rather 
the quantity DyR*/W heff to other air densities. 
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Scaling of the hydrodynamic scaling factor for different air densities requires analytical ex- 
amination of heffi albeit a very crude one. 

It Is assumed that the energy spectrum of fission product and nitrogen capture gammas can be 
represented by a single effective energy and further that this effective energy does not change with 
time. The expression for the total initial gamma ray dose received at point R, with average quiescent 
air density p, yield W, and with the hydrodynamic effect included is 



D(B 



,p,W) = ^- f -L- e'' i<R,? ' W ' t,R B[M(R > p,W,t)Rjdt. (3.2:19) 
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If there were no hydrodynamic effect to be considered, the dose would be 
D(R,?,W) = -^e" M(?)R B[,i(p-)Rj f * dt 



(3.2:20) 



where 

D(R, p, W) = dose received with the hydrodynamic effect included 
D„(R,p, W) - dose received with the hydrodynamic effect ignored 
C = conversion factor which determines the dose units 
W = yield 
Sy(t)/W = rate of emission of gamma rays pep-unit yield 
ji(R,p, W,t) = total linear attenuation coefficient under shock conditions 
n(p) = total linear attenuation coefficient under ambient conditions 
B[ n(F , p, W, t)R] = buildup factor under shock conditions 
B[p(p)R] = buildup factor under ambient conditions 

ty = time chosen as the end of Initial gamma dose period 

The ratio of D/Dq is the hydrodynamic scaling factor h, which Is then given by 



h = 






(3.2:21) 



Using the mean value theorem 
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where ti is a time between and ty. 
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If we now make the following assumptions: 

1. BUR) e k,aR 

2. p.(R,p,W,t 1 )=pp,{R,W,t l ) 
u(p) = p(i| 

3. ti i8 not a function of p 



h = 



(k, - 1) p ^(R, W, t t )R J (k t - 1) ^(R, W, tjJRlf 



e (k, - 1) p p,R [ e (ki - 1) P«r]p 

(3.2:23) 

= [F(R,W,ti)] p 

where F is some unspecified function of R, W, and tj. Consequently If the hydrodynamlc scaling factor 
Is known for some quiescent air density p t and it is desired to transform hgff to a different density pj, 
the scaling law (using the listed assumptions) Is 

h<Pj) = [h(p",)f » (3.2:24) 

It should be observed that while assumption 1 above is probably not bad, the remaining assump- 
tions taken together are subject to serious question. 

3. 2. 2 LOW AND INTERMEDIATE YIELD WEAPONS 

The results presented for low and intermediate yield weapons are based on experimental film 
badge measurements reported by Los Alamos ®> "> 9 and the Evans Signal Laboratory. "> " These 
measurements, despite some discrepancies, provide a reasonably consistent and accurate picture of 
the dose-distance relations forlow altitude bursts and low to intermediate yields, this area of nuclear 
radiation effects being one of the best known. The experimental data underlying .even these results 
are, however, by no means complete; data for very long and very short distances and for yields be- 
tween 50 and 100 KT are still inadequate. 

From the curves Included in this section it is possible to calculate the initial gamma dose for 
fission and boosted fission weapon yields of up to 100 KT, average quiescent air densities ranging 
from 0.2 to 1. 1, and source-receiver distances of between 500 and 6000 yd. These results are esti - 
mated to be accurate to with in a f actor of tw o . 

The dose-distance curve derived from the film badge measurements is compared below with 
results from two other sources. An analysis by Malik^ using both theoretical considerations and ex- 
perimental results permits calculation of the initial gamma dose by separation into its two major 
components. Harris and Vortman*'* give a simple equation for the initial gamma dose based on fitting 
the point source formula to experimental results. 

Dose Measurements and Analysis (Film Badge Readings) 

Fig. 3. 2:2 Is a plot of experimental values of DyRVW h e ff_as a function of distance R. All of 
the experimental data have been adjusted toan average air density p = 0. 9 and to W hgg rather than to 
the yield W. The methods of adjustment are described in Section 3. 2:1 and below, respectively. The 
representative experimental data were selected from Teapot (Shots 1 through 12) ** and Tumbler- 
Snapper (Shots 2 through 8). 7 both instrumented by Evans Signal Laboratory, and from Tumbler- 
Snapper (Shots 2 through 8), » Buster (Baker, Charlie, Dog, Easy), 6 and Ranger (A, B^ B,, E, F), fl 
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Fig. 3. 2:2 Experimental Value* erf DyR*/W heff for Surface Bursts trf Low and Intermedi- 
ate Yield Weapons as a Function of Source-Receiver Distance R (p = 0.9). 




all instrumented by Los Alamos Scientific Laboratory. Points determined by ESL are plotted as dots 
while those determined by LASL are plotted as crosses. Inspection of Fig. 5.2:2 shows two signifi- 
cant differences between the Los Alamos and Evans data - the LASL data is above the ESL data and 
the apparent mean free path of the LASL data appears slightly longer than the corresponding mean 
free path for ESL. The reasons for these differences are thought to lie in the differing sensitivities 
o( the twotypes of film detectors used by ESL and LASL, and in the change of initial gamma spectrum 
with distance. A firm explanation Is not possible at this time because the measured results are at 
least partially inconsistent with what would be expected on the basis of what is known about the detec- 
tor sensitivities and the spectral change. 

The ESL film detectors have a reasonably flat response to gammas except at the high energy 
end of the spectrum. At low energies, however, there is a cutoff at 80 Jcev with only a slight hump 
in the response curve immediately above this energy. The ESL results therefore can be expected to 
underreport the effects of low energy gammas. The LASL film detectors cut off at a threshold of 
40 kev but are extremely sensitive to that part of the spectrum between 40 and 100 kev, and should 
therefore overstate the effects of the soft gammas. The conclusion would seem to be that for a spec- 
trum where the low energy component is appreciable the LASL dose should lie above the ESL value. 

Theoretical calculations by Borg and Eisenhauer* of the initial gamma ray energy spectrum 
as a function of distance have Indicated that an appreciable hardening of the energy spectrum or shift 
in the high energy direction occurs as the distance from the point of burst increases. Thus the im- 
portance of the low energy component decreases with dlBtance and one would expect that the dose 
reading would drop faster for the low energy sensitive detector, i. e. , this detector would have the 
shorter apparent mean free path. While the LASL data lie above the ESL data, which from the argu- 
ments given above might be expected, the relative values of the observed apparent mean free paths 
are the reverse of expected. Further effort is required to resolve this conflict. It is conceivable 
that further, differences in the high energy sensitivities of the two detectors may be at least partially 
responsible. 

A straight line of best fit is drawn for the data shown in Fig. 3.2:2 but the line is adjusted 
preferentially in favor of the ESL detector on the basis of estimates that its over-all response yields 
results closer to the true dose than the LASL detector. *", 14 

The equation describing the straight line fit of Fig. 3.2:2 is 
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= 1.93 k 10* e ,U (3.2:25) 



where 



D = total initial gamma dose, r 

R = distance between source and receiver, yd 

W = weapon yield, KT 

hgff = effective hydrodynamic scaling factor. 

For preeent purposes this equation will be used as the basis of dose calculations for low and 
intermediate yield, low altitude bursts. The apparent mean free path in standard density air is indi- 
cated to be 324 yd for R between 500 and 3500 yd and this value should be interpreted as an average 
for fission product and nitrogen capture gamma radiation. 

Not only does the composite data permit such a straight line fit but the values of DyR'/W hgfj 
as a function of R for any one Individual shot also plot as a straight line within the limits of experi- 
mental error and over the distances at which measurements were made. This is somewhat surprising 
since the apparent mean free path for neutron capture gammas should be considerably longer than that 
for fission product gammas. Such a difference would lead us to expect a mean free path which in- 
creases with increasing distance from the source and therefore a somewhat curved rather than a 



straight Una. V the experimental film badge data plotted as la Fig. 3. 2:2 did show some deviation 
from a straight line, it would be possible In principle and to a low order of accuracy to make a sepa- 
ration of the total dose into its components, L e. , Into fission product and nitrogen capture gamma 
doses. Since film badge detectors record only the total dose Integrated over all time, they do not 
normally permit such a separation. 

As noted above, the film badge data for low and intermediate yield weapons fall close to a 
straight line. Such slight suggestion of lengthening in the apparent mean free path with distance which 
does appear In Fig. 3. 2:3 occurs beyond about 3, 000 yd, but is well within the experimental error of 
the measurements. Therefore, where extrapolation of the results of Fig. 3.2:2 to larger distances 
was required, the straight line was extended. This may lead to some slight underestimate of the pre- 
dicted doses for distances larger than 3, 900 yd at p - 0. 9 and for corresponding distances at other 
average air densities. 



Comparison of Dose-Distance Results from Several Sources 

It is of Interest to compare the initial gamma dose-distance relation derived above and repre- 
sented by Eq. 3. 2:25 with two similar relations from alternate sources. The theoretical analysis of 
Malik 2 provides the basis for calculating the total initial gamma dose through its separation into the 
fission product and nitrogen capture components as given tn Eq. 3.2:8. Thus, the conversion factors 
Cfp and C nC and the apparent mean free paths in standard density air Afp, and X nct can be calculated. 
For distances greater than 1300 yd from the point of burst this analysis yields 
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For low and intermediate yield weapons where the hydrodynamlc scaling factors are close to unity, 
Eq. 3.2:8 is approximately 
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(3.2:26) 



The calculations from which the numerical values of Eq. 3.2:28 are derived are approximate only, but 
they do at least permit separation of the total dose into its two constituents. It should be noted that 
Malik has applied his original analysis to both delivery rate and total dose calculations for four test 
bursts in the 10 to 50-KT yield range with reasonable agreement with experimental results. * 

The analysis of experimental dose measurements by Harris and Vortman* 2 indicates that the 
following equation can be used to represent the relationship between Initial gamma dose and distance: 
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(3.2:27) 



Note that the effective hydrodynamlc scaling factor is not explicitly included in Eq. 3.2:27; this equa- 
tion may not be strictly comparable with the results presented in Eq. 3.2:25. Since In the low and 
intermediate yield range hgff is not far from one, this should not be a major difference, however. 

Fig. 3. 2:3 shows the three curves represented by the equations previously presented. In the 
figure, DyK'/W hgjf and DyR*/W are plotted as functions of R for standard density atr (p = 1, 0). The 
three equations are tabulated below. 
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—Curve 3 (Harris and Vortman) 
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Fig. 3.2:3 Comparison of Initial Gamma Dose- Distance Results from Several Sources for 
Surface Bursts of Low and Intermediate Yield Weapons (p = 1.0). The dashed line is 
extrapolated. 
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Curve 1 (analysis of film badge dose measurements) 
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Curve 2 (theoretical separation of doses) 
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Curve 3 (Harris-Vortman experimental results) 




~ 2x10* e 



PR 
an 



(3.2:27) 



Since the experimental film badge data only extended to about 3500 yd, Curve 1 is drawn as a 
solid line to this point only. The dashed portion of the line is extrapolated. Similarly since Eq. 3.2:26 
does not hold below about 1500 yd, Curve 2 is not extended to shorter distances. 

The maximum spread between the curves is a factor of four and for most of the data the spread 
is less than this. Discrepancies of this order are perhaps not surprising considering the uncertainties 
in both the experimental measurements and the theoretical calculations, and in the different means 
used to obtain the results. Thus the determination of the numerical coefficients and of the apparent 
mean free paths of Eq. 3. 2:26 involve approximations of an undeterminable nature. Conversion of 
the detector reading into dose introduces errors, both those due to calibration and those due to the 
change of energy spectrum with distance, as previously noted in connection with the comparison of 
the LASL and ESL results. Curves 1 and 3, being based on weapon test results, include the effect of 
the earth surface and of the cloud rise on the dose while Curve 2 does not. Also, the hydrodynamlc 
effect is treated differently in the three equations. Other factors may be important. 

The analysis based on separation of the dose components yields the longest apparent mean 
free path (approximately 400 yd) while the film badge measurements yield a value of 324 yd. If the 
experimental measurements are to be believed, it would appear that Curve 2 under emphasizes the 
importance of the fission product gammas. 



Determination of Effective Hydrodynamlc Scaling Factor 

The hydrodynamlc effect is expected to be small for low and Intermediate yields, (h^ is 
equal to or close to unity). A proper treatment of the blast wave perturbation of the attenuating me- 
dium, therefore, is not essential for yields less than 100 KT although it becomes of dominant impor- 
tance in the MT region. An approximate method of determining hgff as a function of yield is shown 
below. This method ignores the dependence of h e ff on the average quiescent air density and on the 
source- receiver distance, the errors Involved being comparatively small. 



Equation 3.2:14 is the simpllfieddose-distance relationship applicable to low and Intermediate 



yields. 
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Assuming that h^ Is not a function of R and p, for given values of R and p the quantities in- 
side the brackets are constant and the dose is proportional to W and h^j only. 

D r = kWh eff (3.2:28) 

For low yields where h^g = 1 and at the same values of R and p, the dose is then 

= kW (3.2:29) 



Wi ■ 



The relationship for h^ ts then 



h eff = fa < 3 - 2:80 > 

The effective hydrodynamic scaling factor Is determined by plotting the measured dose at some fixed 
distance and air density against yield for as many shots as available in the low and intermediate yield 
range. The portion of the curve at low yields Is found, as expected, to be approximated quite well 
by a straight line. This line and its extension represent (Dy)|, the dose to be expected in the absence of 
the blast effects. The ratio of D„/(Djj Is then hgff. Fig. 3.2:4 presents the quantity W hgff as a 
function of the yield W. 

Because the effects of air density and distance from the source are neglected, errors of up to 
±30 percent in h^ may be expected in some cases for 100 KT bursts. These errors are considered 
acceptable at present in the light of the several large uncertainties in the dose determination. 

Calculation of the Initial Gamma Dose 

The dose-distance relationship represented by Eq. 3.2:25 and plotted in Fig. 3.2:2 and 3.2:3 
(Curve l)bas been extended to cover a range of air densities by the method described in Section 3.2.1. 
Values of DyR*/W hgff have been plotted in Fig. 3. 2:5 as a function of R with p as a parameter. The 
solid portions of the lines of Fig. 3.2:5 represent the original data or transformations of such data to 
other air densities. The dashed portions of the lines represent extrapolations. (Fig. 3.2:5 presents 
curves for p as low as 0.2. These low air densities are not applicable to surface bursts but are in- 
cluded here for convenience since Fig. 3. 2:5 will also be used to calculate air burst doses. ) 

To find the initial gamma dose Dy for a particular burst it is necesssary to know the yield W, 
the average air density p, and the distance from the source R at which Dy is desired. The quantity 
DyR ! /W h e ff is found from Fig. 3.2:5 at the known values of p and R; W h^ is found at the known 
value of W from Fig. 3.2:4; the appropriate arithmetic produces Dy, the initial gamma dose, in r. 



PROBLEM 1 

The initial gamma dose due to a low or intermediate yield weapon is required at a given point. 
The distance between the point of burst and the receiver, the average quiescent air density, and the 
bomb yield are known. 

Solution 



1. Find W h e£f from Fig. 3.2:4 at the given yield W (in KT). 

2. Find Dy/W hgff at the given distance and average quiescent air density from Fig. 3. 2:5. 

3. The required dose in r is the product of the values of W hgff and Dy/W hgff found in steps 
land 2. 
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Fig. 3.2:4 W hgff asa Function of Weapon Yield W lor Surface and Air Bursts of Low and 
Intermediate Yield Weapons. 



Example 

What is the Initial gamma dose at a distance of 2000 yd from the point of burst of a 40-KT weap- 
on ? The average air density is 0. 9. 

1. From Fig. 3.2:4 W h^ is 44 KT. 

2. From Fig. 3. 2:5 D^/W heffatpofO.BandRof 2000 yd is 2. r-KT -1 . 

3. The initial gamma dose is therefore (44) (2.0) = 88 r. 

PROBLEM 2 



At what distance from the burst point will a given dose be experienced? The average air den- 
sity, and the weapon yield are known. 

Solution 



1. Find W hgfl from Fig. 3. 2:4 and the given value of the yield W (In KT). 
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Fig. 3.2:5 Initial Gamma Dose-Distance Results for Surface and Air Bursts of Low, Inter- 
mediate, and High Yield Weapons for Several Average Air Densities. The average quie- 
scent air density p is defined as the ratio of the actual air density to the air density at 
standard conditions (1. 293 x 10 -, gm-cm'). The value of Dy/W hgff for surface bursts of 
all yields is read directly from the figure. The value of Dy/W hgfj for air bursts of all 
yields is obtained by multiplying the value read from the figure by a factor of 1. S. 
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2. Divide the given Initial gamma dose by the value of W h^ found In step 1. 

3. Using the value of Dy/W hgff calculated In step 2, find the desired distance from Fig. 3.2:5 
on the curve corresponding to the given air density. 

Example 

Find the distance from the point of burst at which an initial gamma dose <rf 100 r will be ex- 
perienced for a 10-KT burst. The average air density p is 0. 8. 

1. From Fig. 3.2:4 at a yield of 10 XT the value of W hgff is 10 KT. 

2. The given initial gamma dose divided by the value of W h^ is 100/10 = 10. 

3. From Fig. 3.2:5 at p = 0. 8 and Dy/W hgff = 10 the corresponding distance is 1700 yd. This 
Is the required distance f nm\ the point of burst. 

PROBLEM 3 

What area will experience an initial gamma radiation dose greater than some given value ? 
The initial gamma dose of interest, the average quiescent air density, the bomb yield, and the burst 
height are known. 

Solution 



1. Using the method of Problem 2, find the distance from the point of burst at which the given 
value of the dose will be experienced. 

2. Find the distance from ground zero which corresponds to the source -receiver distance 
found in step 1, using the following relation. 

Distance from ground zero = V (source- receiver distance) 1 - (height of burst) 2 

3. Convert the distance found In step 2 from yd to mi by dividing by 1760. Find the area of 
the circle of which this distance Is the radius. This Is the required area. More compactly, 



Required area (ml 1 ) 



■■f 



distance from ground zero (yd) 



1760 (yd - mi -1 ) 



r 



Example 



Find the area which will experience an initial gamma dose of more than 100 r for the conditions 
described in Problem 2. In addition to the information given in Problem 2 It Is known that the burst 
height is 1400 yd. 

1. The source- receiver distance found in Problem 2 was 1700 yd. 

2. The distance from ground zero Is V(1700) J - (1400) 1 = 960 yd. 



3. The required area Is 



™)f- 0.93 mi>. 



Error 



The probable error in the values of Dy derivedfrom the solid portions of the lines in Fig. 3.2:5 
is the same as that In the experimental results themselves. Thus the probable error is about a factor 
of two, 1. e. , it is estimated that the probability is 50 percent that the computed dose is too large or 
too small by less than a factor of two. For the dashed portions of the lines the probable error may 
very well be larger because of the extrapolation involved, and at short distances also because of the 
questionable validity of the air density scaling procedure. 



3. 2. 3 HIGH YIELD WEAPONS 

Determination of the doee -distance relation for high yield weapons must again rely primarily 
on experimental measurements in the absence of adequate theoretical analysis. Unlike the situation 
for low and Intermediate yield weapons, however, where experimental data are plentiful and reason- 
ably consistent, the study of high yield bursts Is seriously hampered by the small amount of data 
available and the incompleteness and Inconsistency of these data. The poor documentation of radia- 
tion effects from high yield weapons is due principally to the experimental difficulties of measuring 
such effects and the relatively small number of high yield weapon tests which have been made. Under 
these circumstances only a very rough and simple treatment is presented and the associated errors, 
may well be large. 

From the curves included in this section it is possible to calculate the Initial gamma dose for 
surface bursts of boosted fission and fusion weapons with yields from 100 KT to 20 MT, average 
quiescent air densities of 0. 2 to 1. 1, and source-receiver distances of between 500 and 6000 yd. For 
weapon yields less than 1 MT the dose results are probably good to within a factor of three. For 
weapon yields above 1 MT the results are probably no better than a factor of 10 and possibly of as 
much as 25. 

Dose Measurements and Analysis 

In the vteld_range_gi_frojp 100 KT to 0.5 MT there are only the total dose measurements from 
^ Total doses were obtained at seven source- receiver distances of 

from 1500 to 2800 yd. In the 0.5 to 1.0-MT range there is one total dose reading for Ivy King 
(0. 55 MT) 10 at 1800 yd, and one incomplete reading at 1140 yd from which no useful information can 
be obtained for present purposes, hi the yield range above 1 MT there are two complete total dose 
readings at 2400 and 4500 yd for Castle'4 (Union) (6. 5 MT); ^ one Incomplete dose rate curve meas- 
ured at 2500 yd, and one total dose value at 4400 yd for Ivy Mike (10.5 MT); 10 and finally one in- 
complete dose rate curve at 2400 yd from Castle 1 (Bravo) (14.5 MT). 1 * The Incomplete dose records 
(Ivy Mike and Castle 1) show the dose which reached the receiver before the shock wave. For yields 
between 20 KT and 1 MT, and at the distances at which measurements have been made, as much as 
50 to 90 percent of the dose may arrive after the shock wave, while for yields greater than 1 MT this 
may increase to as high as 99 percent of the total dose. 

Table 3.2:1 summarizes the data for these high yield bursts. Information presented Includes 
the test series and burst designation, the weapon type, the average quiescent air density between burBt 
and receiver in units of Btandard air density, the actual distance between receiver and point of burst, 
and the value of the separation distance corrected to standard air density. In addition, there are pre- 
sented the dose measurements Dy and the calculated value of DyR , /Win r-yd* -KT" 1 , where W is 
the total yield In all cases. Fig. 3.2:0 presents the calculated values of DyR'/W for the high yield 
shots plotted against the source- receiver distance adjusted to a standard air density (p = 1. 0). For 
Ivy Mike and Castle 4 where two data points are available these points are connected by straight lines. 
What justification there is for this course lies in the knowledge that at lower yields and over reason- 
able distances the initial gamma dose data fall close to a straight line when plotted as in Fig. 3. 2:6. 

In addition to the high yield values the low-intermediate yield curve of DyR*/W heff , as shown 
In Fig. 3.. 2:2 but scaled to standard air density (p = 1-0), is alBO included in Fig. 3.2:6. From the 
prior discussion of the hydrodynamlc effect one would expect that a plot of DyR'/W against distance 
in the region where the variation of h^ with yield is Important would show separate curves for each 
yield with the highest yield producing the highest curve and the longest mean free path. At large 
enough distances the curves should all become parallel, while they should converge at zero distance. 
These characteristics are shown in general by all of the curves in Fig. 3.2:6, Including the low-Inter- 
mediate yield curve; because this curve is plotted as DyR*/W h^g rather than DyR'/W, it might not 
be expected to conform. However, since hgg is close to unity in the low-intermediate yield range 
and does not vary appreciably with distance, the position and slope of the curve Is not much affected; 
for this qualitative examination of the data, therefore, the low-intermediate yield curve may be con- 
sidered to be DyR'/W. 
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Fig. 3. 2:6 Experimental Values of DyR*/W lor Surface Bursts of High Yield Weapons aB 
a Function of the Source-Receiver Distance R at Standard Air Density (p = 1. 0). The low 
and Intermediate yield reault sjre actually DyR'/W hgff rather than DyR*/W. The dashed 
lines are adjusted results for^ fend Castle 4. 
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Hie general agreement of Fig. 3. 2:6 wtm theoretical expectation Is shown In Table 3. 2:2, 
where the test data are compiled In order of increasing yield. It Is seen that both the dose value* at 
a representative distance (2500 yd) and the mean free paths Increase with Increasing yield. The only 
exception to this trend Is the mean free path dsjf ^ which Is much too short tn com- 

parison with either the high or low- intermediate yield shots. 

Despite the general agreement of Fig. 3.2:6 with expectations there are serious discrepancies 
in the data. Thus, the Castle 1 (14. 5 MT) point is lower than the corresponding point for Ivy Mike 
(10. 5 MT) by a factor of about two, rather than being above as would be expected due to the higher 
yield of Castle 1. These two points are more uncertain than the other high yield data, however, since 
they are based an doses read up to one second after the burst only. The doses received up to one 
second are multiplied by a correction factor of eight to obtain the total doses. (The factor of eight is 
based on examination at complete dose delivery rate curves for other bursts which indicate that for 
this weapon type and yield from 5 to 20 percent of the total dose Is delivered in the first second. The 
Incomplete dose rate curves for Ivy Mike and Castle 1 are almost Identical up to one second, support- 
ing the use of the same multiplicative factor for both). The Ivy King (0.55 MT) data point also appears 
out of line, being high In comparison with the low-intermediate yield curve and the Castle 4 curve. 



TABLE 3. 2;2 
Comparison of Gamma Doses and Mean Free Paths for Several Teat Bursts 



Shot 



Castle 4 (Union) 
Ivy Mike 



Yield, MT 



Low-intermediate yield weapons to 0. 10 



6.5 
10. S 



Initial Gamma Dose 
at 2500 yd, r 

8. 8 x 10* 

1.3x10* 

8. 6 x 10* 

4. 6 x 10' 



Mean Free 
Path, yd 

324 

260 

470 

530 



A more serious problem iSDreaentedbythe^ J data. There are 

seven total dose readingB f ronrfj ^whlch fall verynicelyon^Btraight line between 

adjusted distances of 1300 to 2500 yd. The slope of the line appears to be considerably too steep, 
however, in comparison with both the low^inter medlate yield and other high yield curves. Further- 
more, the apparent mean free path foisj| Renown on Fig. 3.2:6 (260 yd) is shorter 
than the best current estimate of the Bhort mean free path component of the total dose. Fission prod- 
uct gammas have been calculated to have an apparent mean free path of 284 yd. (See Section 3.2.2). 
Nitrogen capture gammas have a much longer mean free path and it is hard to see how combining the 
two could produce radiation with a 260-yd value. 

A second important discrepancy is the mean free path read from the Castle 4 (6. 5 MT) data. 
The value of 470 yd seems somewhat longer than it should be. 

While these data are inconsistent in terms of the simple model postulated for initial gamma 
radiation, it is not known if this is due to oversimplification in the model or to experimental errors. 
Further it is not clear which experimental values should be suspect if the reason for the inconsist- 
encies does lie with the data rather than the model. Thus, there are several methods of resolving 
the problems posed by Fig. 3.2:6, depending on which data are accepted as most likely to be reliable. 

For the present we will ac cept the curves f orlo w-lntermediate yields and for Ivy Mike as moat 
likely to be reliable and adjust th^| ^and Castle 4 curves to the smallest degree nee- 

eaaary to achieve internal consistency. (This adjustment is determined not only by what is required 
to make Fig. 3. 2:6 consistent but also by what is required to yield reasonable values of htft). Both 




the Castle 1 and the Ivy King datapoint* are disregarded. The adjusted curves toi 
and Castle 4 are shown In Fig. 3. 2:6 as dashed lines. 

Determination cf Effective Hydrodynamlc Scaling Factor 

From the curves of Fig. 3.2:6 and the simplified dose equations at Section 3.2:1 It Is now 
possible to establish values of hgfj for high yield weapons and standard density air as a function of 
yield and separation distance. 

The simplified dose equations used to represent the low-intermediate (11) yield and high (h) yield 
weapon results are 

( D r)« = m ii{ b *i)n[% + D nc]" 

(3.2:14) 

( D >)h - <*>h ( h eff)h [\ + D nc]h 

If we now make the assumption that Dfp and D^. (the gamma doses due to fission products and 
nitrogen capture from a bomb of unit yield) are Independent of yield, the effective hydrodynamlc scal- 
ing factor for high yield weapons is simply 






Thus (hgff)}! at p = 1.0 can be determined directly from the adjusted data of Fig. 3.2:6 for several 
yields and separation distances. 

The assumption that the component doses are independent of yield Is equivalent to assuming 
either that the number of neutrons and gammas escaping from the bomb per KT and their energy dis- 
tribution are both constant over very wide ranges of weapon yield, or, alternatively, that the values 
of Cfp, C nc , Afp ( and * nc( are Independent of yield. Large changes in yield are usually accompanied 
by correspondingly large changes in weapon design, which would certainly affect the source charac- 
teristics of the neutrons and gammas. Thus, this assumption may not be a very good one. It is clear, 
for example, that fusion weapons will have a different neutron production per KT and neutron energy 
distribution than will fission weapons. 

In the absence of any real understanding of how the Be quantities change with yield and since, 
if we accept this assumption, it appears that no more adjustment of the data 1b necessary to obtain 
consistent values of (b^ffJh than would be necessary with more elaborate approaches, the present 
course seems reasonable. 

Using the data of Fig. 3.2:6, wltfl land Castle 4 adjusted as shown, a plot 

of h e ff for high yield weapons was constructea^Tnevalueso^gff determined for the low -intermedi- 
ate yield weapons were used to determine the lower values of the plot. Interpolation between these 
points and the high yield values from Fig. 3. 2:6 established a family of curves between 0. 1 and 10. 5 
MT. A curve for 20-MT yield was also drawn but this Is thought to be about as far as the meagre 
data should be extrapolated. 

The family of curves of b^ff was scaled by the method described in Section 3.2. 1 to average 
quiescent air densities ranging from p = 0.2 to p = 1, 1; the scaled values are plotted in Fig. 3. 2:7 
through 3. 2:13 for the several air densities. (The lower air densities are not applicable to surface 
bursts but are Included here for convenience, since these figures will also be used to calculate air 
burst doses.) 
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Fig. 3.2:7 Effective Hydrodynamic Scaling Factors for Surface and Air Bursts of High 
Yield Weapons (p = 0. 2). 
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Fig. 3.2:8 Effective Hydrodynamlc Scaling Factors for Surface and Air Bursts of High 
Yield Weapons (p = 0.4). 



69 



1000 



2000 



3000 



4000 



5000 



6000 



10' 



7000 



W = 20 MT (surface bursts) 
W = «MT (air bunts 




Source-Receiver Distance R, yd 



Fig. 3.2:9 Effective Hydrodynamlc Scaling Factors for Surface and Air Bursts of High 
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Fig. 3. 2:12 Effective Hydrodynamic Scaling Factors for Surface and Air Birsts of High 
Yield Weapons (p = 1.0). 
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Calculation of inw^i flamma Dene 



The express Ion for the initial gamma dose for high yield weapons is obtained by transposing 
and rearranging Eq. 3.2:30. 



(°r)t 



D R* 

Y 



Wh 



W ( h eff) t 



(3.2:31) 



eff/li 



Thus, to determine the initial gamma dose it is necessary to know the weapon yield W, the average 
quiescent air density p, and the source-receiver distance R. (D y R I /W hgff)/ i is found from Fig. 3.2:5 
for the appropriate value_of Rand p, and (hgffJh is found from Fig. 3.2:7 through 3.2:13 for the 
appropriate values of R, p, and W. The initial gamma dose (Dy) n , in r, is determined by the indica- 
ted multiplication, 

PROBLEM 4 

The initial gamma dose due to a high yield weapon is required at a given point. The distance 
between point of burst and the receiver, the average quiescent air density, and the bomb yield are 
known. 



Solution 



Find the effective hydrodynamic scaling factor hgff for the given average air density, the 
bomb yield, and the source -receiver distance, from the appropriate figure (Fig. 3.2:7 
through 3.2:13.) 

Find the value of Dy/W hgfj for thegiven average air density and source -receiver distance 
from Fig. 3.2:5. 

The Initial gamma dose is the product of hgfj (from step 1), Dy/W hgff (from step 2), and 
the given yield W (in KT). 



Example 



A 0. 8 MT bomb is detonated on the earth's surface. The average air density p = 0. 9. What is 
the initial gamma dose 3000 yd away from the point of burst? 

1. From Fig. 3.2:11 (p = 0.9) at 3000 yd and for a yield of 0.8 MT, the effective hydrody- 
namic scaling factor hgff is 2.8. 

2. From Fig. 3. 2:5 at p of 0.9 and R of 3000 yd, Dy/W hgff is 0. 052 r-KT -1 . 

3. The initial gamma dose is therefore (0. 052) (2. 8) (800) = 120 r. 



PROBLEM 5 

At what distance from the burst point will a given initial gamma dose be experienced? The 
average air density and the weapon yield are given. 

Solution 



1. Select several source-receiver distances estimated as well as possible to bracket the de- 
sired distance. 

2. Using the method of Problem 4 compute the dose at each of the selected points until the 
given dose has been bracketed. 



J 



The desired source-receiver distance is obtained either by plotting the results for step 2 
and Interpolating or by actually calculating the dose for additional source-receiver dis- 
tances within the region of Interest found in step 2 until a satisfactory degree of approxi- 
mation is achieved. 



Error 



For yields below 1 MT the dose computations are probably good to within a factor of three. 
This is because shock effects in this area are not so great as to cause complete distortion of the rel- 
atively well-Jcnown results for the low and intermediate yield regions. For yields greater than 1 MT, 
because of the glaring inconsistencies among the experimental measurements and of the very crude 
scaling techniques, an error factor of the order of 10 is quite possible over most of the region. In 
the region of very high yields, an error factor of the order of 25 is not inconceivable. This is an un- 
fortunate but realistic estimate of the state of our knowledge, and points up the urgency of further 
work In this field. 

3.3 DOSE-DISTANCE RELATIONS FOR AIR BURSTS 



An air burst is one whose fireball does not intersect the earth. The initial gamma dose from 
high altitude bursts may be expected to differ from surface bursts for several possible reasons. With 
increasing altitude the gamma sources and particularly the nitrogen capture gammas behave less like 
point sources and the air-earth boundary is reduced toa minor role in determining the scattered dose. 
Also the hydrodynamic effect is quite different for a burst in free air, compared to one near the air- 
earth interface. In general, it is not expected that the initial gamma dose for low yield, high altitude 
bursts will be greatly different from that due to corresponding surface bursts; it is expected, however, 
that this difference will Increase with yield and become of major importance for high yield weapons. 

Inasmuch as there has been only a single air burst at very high altitude (Teapot 10), It is nec- 
essary for us to depend on the results of surface bursts to anticipate high altitude results. Fortu- 
nately the physics of the situation is simple enough to permit reasonable extension oi surface burst 
data to all but low altitude, high yield air bursts. 



3.3.1 LOW AND INTERMEDIATE YIELD WEAPONS 

The only very high altitude burst on record in the low and intermediate yield region is Teapot 10 
(3 KT, 32, 000 ft burst height). The complicating effect of a widely varying quiescent air density was 
avoided by positioning the dose receivers for Teapot 10 at approximately the burst altitude rather than 
on the ground. (In addition to the high altitude Teapot 10 test, two moderately high altitude tests have 
been made, Upshot-Knothole 4 (11 KT, 6150 ft burst height) and Tumbler 3 (30 KT, 3450 ft burst 
height).) Teapot 9 was sensibly identical to Teapot 10 except that its burst height was 740ft. The 
initial gamma dose measurements*^ H from the two shots indicate that when corrected to the same air 
density: 

1. the high altitude dose was greater than the low altitude dose at all distances, 

2. the average factor by which the high altitude dose was greater was 1. 5, and 

3. the factor was greater than 1.5 close to the burst point and less than 1.5 at large distances. 

It had been expected that, when reduced to the same air densities, the shots would have given 
the same gamma dose at a given distance. The reason for the difference is still not fully understood. 
It is believed, however, that neutrons may have contributed a substantial portion of the apparent gamma 
dose. It is also possible that the nitrogen capture gamma ray dose may be affected at high altitudes 
by the greater diffusion length of neutrons before capture. The greater extension In space of the fire- 
ball and of the nitrogen capture Bource may be the cause of the decreased apparent mean free path. 

In any case, it is recommended that to solve dose -distance problems for air bursts of low and 
intermediate yield weapons, the dose be calculated from Figs. 3.2:4 and 3.2:5 exactly as prescribed 
for surface bursts In Section 3.2.2 and then multiplied by a factor of 1.5. This treatment is conserv- 



ative; more careful analysis and experimental work may result In a decrease in the value of the cor- 
rection factor. 1 

3. 3. 2 HIGH YIELD WEAPONS 

In addition to the effects discussed in the preceding section, which, if significant, apply to air' 
bursts for all ranges of weapon yield, there is one effect of variation of burst height which is peculiar 
to high yield weapons, and which in many cases may be dominant. This is the difference in the shock 
enhancement between high yield, high altitude bursts and high yield, surface bursts. From a burst 
close to the earth's surface there will be a direct shock wave and a reflected shock wave. As a re- 
sult, the shock enhancement of the dose Is greater for bursts near the surface than for high altitude 
bursts where there is no reflected shock wave. 

For the moment we will consider only the limiting cases of a true surface burst (one detonated 
directly on the earth's surface) and a true high altitude burst (no reflected shock wave). If the earth 
is considered to be a rigid plane reflector, then the shock wave from a surface burst of a given yield 
is just equivalent to the shock wave from a high altitude burst of twice the yield*®. For this reason 
we do not present graphs of the effective hydrodynamic scaling factors for high altitude bursts in this 
section. Instead we refer to FigB. 3.2:7 through 3.2:13 which have been labelled with yields appro- 
priate for both surface and high altitude bursts. The solution of the dose -distance problems for high 
altitude, high yield bursts is basically the same as that given in Section 3. 2. 3, except that the value 
of Dy/W hgff from Fig. 3.2:5 is multiplied by a correction factor of 1.5 (as described in Section 3.3.1) 
and that the effective hydrodynamic Bcaling factor is determined from Figs. 3.2:7 through 3.2:13 for 
the high altitude yield rather than for the surface yield. 

For burst elevations intermediate between true surf ace and high altitude, an intermediate value 
of the effective hydrodynamic scaling factor and of the dose can be expected. It is clearly desir- 
able that some criterion exist to determine when a burst is a high altitude burst in the sense that there 
is no reflected shock wave. One possible approach to such a criterion may be found in the plots of 
the hydrodynamic scaling factors. It has been noted previously that the hydrodynamic scaling factor 
is expected to level off and reach a constant value at some distance from the point of burst. The dis- 
tance beyond which h e ff increases relatively little is a measure of the outer radius of the shock effect. 
If the burst height is greater than this distance, the magnitude of the direct shock wave will be quite 
small when it reaches the earth's surface and the reflected shock wave will be correspondingly un- 
important. Thus, one may consult the curve from Figs. 3.2:7 through 3. 2:13 for the given airdenstty 
and weapon yield (air burst yield rather than surface burst yield). The distance at which hgff no long- 
er rises sharply but starts to level off may be considered as the minimum elevation for which a burst 
is a high altitude burst. It must be admitted that this method, while plausible, is untested and should 
be used accordingly. 



PROBLEM 6 

The initial gamma dose due to a high yield, high altitude burst is required at a given point. 
The distance between point of burst and receiver, the average quiescent air density, and the bomb 
yield are known. 

Solution 

1. Find h e « for the given average air density, and source-receiver distance from the appro- 
priate figure of the series (Figs. 3.2:7 through 3.2:13) using the curve with the proper air 
burst yield. 

2. Find the value of Dy/W h^f for the given average air density and source-receiver distance 
from Fig. 3.2:5. 

3. The initial gamma dose is the product of h^f (from step 1), Dy/W hgff (from step 2), the 
given yield W (in KT), and the correction factor 1.5. 



Example 

■ t 

A 0.8 MT bomb is detonated at an altitude of 28,000 ft. The average air density between point 
of burst and receiver Is 0.4. .What Is the Initial gamma dose 3, 000 yd away from the point of burst? 

1. From Fig. 3.2:8 (p = 0.4) at 3, 000 yd and at the air buret yield of 0.8 BIT the value of 
h e ff la 1. 4. 

2. The value of Dy/W h^j is 5. 2 r-KT" 1 from Fig. 3. 2:5 at p = 0. 4 and R of 3, 000 yd. 

3. The initial gamma dose is, therefore, (1.4) (5.2) (800) (1.5) = 8750 r. 

3.4 DOSE -DISTANCE RELATIONS FOR UNDERGROUND BURSTS 



An underground burst is defined as one where the burst occurs below the ground surface. 
From the point of view of effects it is difficult to distinguish a burst not far below the surface from a 
surface burst. 

In an underground burst, initial gamma radiation will come entirely from fission products and 
neutron-activated materials in the ground or in the weapon. One can safely assume that none of the 
neutrons will escape into the air and produce nitrogen capture gamma rays, unless the bomb is de- 
tonated within a few feet of the surface. In that case the burst should probably be Interpreted as a 
surface burst. The extent to which soil material will be activated depends, of course, upon the com- 
position of the soil. Although soil activation has been detected la the underground and surface shots 
in Nevada 17 and in the Marshall Islands surface shots, ** there is no reason to believe that in either 
location it caused a substantial contribution to the initial gamma radiation dose. Consequently, in 
this treatment of underground bursts, fission products are considered to be the only source of initial 
gamma radiation. 

3.4.1 LOW YIELD WEAPONS 

To date there have been two underground detonations of nuclear weapons, both in low yield 
range, a 1.2 KT, 17 ft underground shot at JangleJ9>20 and a 1.2 KT, 67 ft underground shot at 
Teapot. 1 7 Because of the essential Identity of the yields, the two bursts could have been directly 
compared to gain insight into the effects of depth of burial on the initial gamma radiation dose. Un- 
fortunately only the Jangle underground shot was documented for Initial gamma radiations; no such 
data were taken at the Teapot underground shot. Even back-extrapolation of the Teapot delivery rate 
curves taken at times greater than one minute is not possible because winds at Teapot bad so per- 
turbed the source material by that time that the dose rate-distance results were badly distorted. 
Such extrapolation, if it had been possible, might have allowed comparison with equivalent data taken 
at the Jangle underground shot. 

Considerations which apply directly and almost uniquely to the analysis of underground burst 
initial radiations are: 

1. the time at which the active material emerges from the ground, 

2. the fraction of active material, including fission products and induced activities, which 
remains in the ground, 

3. the amount and nature of induced activities, and 

4. the extent to which the earth material intermingled with the active material affects the 
attenuation of radiation. 

It is perhaps clear on Intuitive grounds that two bombs of identical yield but at substantially 
different burial depths will have different initial gamma radiation characteristics. The same remark 
will apply to two bombs of different yields detonated at the same depth underground. The coupling 
between yield and depth and how the initial radiations depend upon these coupled parameters is not 
understood at all. With our present limited knowledge we are able to produce only dose-distance 
curves normalized to the measurements made at Jangle. The following expression*" was used to 
generate the curves. 
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where 

Dy = Initial gamma dose from an underground burst 

C = conversion factor, 1.39 x 10~ u r-yd'-gamma" 1 

%p/W = emission rate of fission product gammas per unityield at burst time, gammas-Bec-'-KT" 1 

ut, = gamma ray total linear attenuation coefficient at standard air density 

p = average air density in units of standard air density {d, = 1.293 x lO^gm-cm -1 ) 

R = source-receiver distance, yd 

Btf^jpR) - gamma ray buildup factor at jxtpR mean free paths from the source 

ty = time after burst at which initial gamma dose period ends, sec 

W = weapon yield, KT. 

The effective energy of the fission product gamma rays is taken as 3 Hev and the values of ji ( , 
B(AoPR), and C are all selected at this energy. The value of Sf p /W used in the calculation is 3.3 x 10 a 
gammas-sec-'-KT" 1 , and ty is taken as 60 sec in accordance with the previous and somewhat arbitrary 
choice of the initial gamma time period. 

The curves presented in Fig. 3. 4:1 were scaled from the experimental to other air densities 
by means of. the Bcaling relation described in, Section 3.2. 1. To the extent that earth material min- 
gled with active material and contributed importantly to the gamma ray attenuation, the scaling is in 
error. Due to the previously mentioned lack of understanding of the variation of dose with weapon 
yield and burial depth, It is advisable to consider that the curves of Fig. 3.4:1 apply only for yields 
which are between about 0.2 and 7.5 KT and for burial depths which are between 12 and 22 ft. We 
are unable to suggest procedures for computing doses for depths and yields outside this admittedly 
limited range. 

PROBLEM 7 



The yield and burial depth of an underground burst are given and lie within the range of applic- 
ability of Fig. 3. 4:1, namely 0.2 to 7. 5 KT and 12 to 22 ft underground. The initial gamma dose at 
a given receiver point is required. The distance of the receiver from ground zero and the average 
air density are known. (For the purposes of underground burst calculations the source-receiver dis- 
tance will be taken as equal to the distance between ground zero and the receiver. } 



Solution 



1. From Fig. 3.4:1 read Dy/W at the appropriate air density p and source-receiver distance R. 

2. Multiply the value of Dy/W from step 1 by the bomb yield W to obtain the initial gamma 
dose Dy. 

Example 

A 3 KT burst is detonated 15 ft underground. The initial dose at a point 2000 yd from ground 
zero is required; the average air density is known to be 0. 93. 

1 . At p of 0. 93 and R of 2000 yd, Fig. 3. 4:1 gives a value for Dy/W of 1. 2 r-KT*'. 

2. Multiplying this value of Dy/W by the yield W gives an initial gamma dose of 3. 8 r. 
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Fig. 3.4:1 Initial Gamma Dose -Distance Results for Underground Bursts of Low Yield 
Weapons for Several Average Air Densities. These curves are applicable only for yields 
between 0. 2 and 7. 5 KT and burial depths between 12 and 22 ft. 




PROBLEM 8 

The yield and burial depth of an underground burst are given and lie within the range of applic- 
ability of Fig. 3.4:1. The average atr density is also known. Find the range within which a given 
Initial gamma dose will be experienced. 



Solution 



1. Divide the given initial gamma dose by the given yield to obtain D y /W. 

2. From Fig. 3.4:1 at the appropriate value of the average air density find at what distance 
the value of D y /W determined in step 1 is given. This Is the desired distance. 

Example 

A 3 KT bomb is detonated IS ft underground. The average air density is 0. 93, At what range 
will an initial gamma dose of 1 r be experienced? 

1. The desired dose divided by the bomb yield is 1/3 = 0.33 r-KT" 1 . 

2. From Fig. 3.4:1 the distance at which Dy/W is 0. 33 is 2600 yd. This 1b the required dis- 
tance. 

Error 

It is estimated that these methods, used within the prescribed limits, should produce results 
good within a factor of two, provided the soil at the point of burst is not too different from the soil at 
the Nevada test site. The error that would be introduced by a very different soil type is similar in 
origin, but not necessarily in magnitude, to the error that would be expected from a distinctly differ- 
ent burial depth. At the present time the effect of soil type cannot be estimated. 



3. 4. 2 INTERMEDIATE AND HIGH YIELD WEAPONS 

As has already been noted, the only experimental underground bomb bursts reported to date 
have been in the low yield range, the 1.2 KT Jangle shot and the 1.2 KT Teapot shot. There is no 
information about intermediate and high yield underground bursts. An acceptable scaling relation for 
initial gamma radiation dose would necessarily take into account: 

1. variations in the gamma ray source with yield, 

2. variation b in the gamma ray source with depth, and 

3. variations in the attenuating media with yield and depth, 

a. earth shielding, and 

b. hydrodynamic effect in two media. 

There are no data or calculations available from which this scaling relation might be deter- 
mined. It is not possible, therefore, at this time to make any sound predictions about the initial gamma 
dose from intermediate and high yield underground bursts. 



3.5 DELIVERY RATE 

The delivery rate at a point Is the rate at which dose is received at the point. There are at 
least three general shapes of initial gamma radiation delivery rate curves, each characteristic of a 
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Fig. 3.5:1 Initial Gamma Radiation Delivery Rate for Buster Easy, 32-KT Yield, 1300-ft 
Burst Height, 1040 yd from Ground Zero. 



different situation. Fig. 3.5:1 Is a delivery rate curve^pf an intermediate yield weapon, Buster Easy 
(32 KT, 1300 ft burst height). * 9 It shows a doublenump, something like two rounded stairsteps. The 
first hump is due to nitrogen capture gamma radiation, the Becond to fission product gamma radiation. 
Fig. 3. 5;2 is the delivery rate curve for the Jangle underground shot (1. 2 KT, 17 ft underground). 19 
It shows an early buildup and subsequent constancy during the period when the active material has just 
emerged from the ground, the fireball is expanding, and substantial amounts of earth material are 
falling away from the source and back to the ground. The subsequent fall -off in the curve appears to 
be controlled primarily by the decay rates of the fission products. Fig. 3. 5:3 is a high yield delivery 
rate curve from Castle 4 (6.5 MT, surface burst). 1" It is a twin-humped curve beautifully illustrating 
the hydrodynamic effect. The first hump is due to the nitrogen capture gamma radiation. The Becond 
hump builds up to its maximum just after the passage of the shock wave and clearly depicts the tre- 
mendous magnification of dose caused by shock effects. Comparison of Figs. 3.5:1 and 3,5:3 is 
profitable in that practically the only qualitative difference between them is the presence of the shock 
wave in the latter. The reader should not be misled by the visual distortion introduced into Fig. 3.5:3 
by reason of the fact that it is plotted on a logarithmic scale. To the eye the two humps appear about 
equal in area. If the same curve were plotted on a non -distorting linear scale, the first hump would 
be seen to have only about one percent the area of the second. 
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Fig. 3.5:2 Initial Gamma Radiation Delivery Hate for Jangle Underground, 1.2-KT Yield, 
17 -ft Underground, 500 yd from Ground Zero. 



A compact way of permitting intercomparlson of delivery rates on another basis is to show 
the fraction of the total dose which has been accumulated at any given time, i. e. , integrate the de- 
livery rate curves and normalize them to one. This Is done In Fig. 3. 5:4. 

Curve A is the delivery rate for the Jangle underground shot at a point 500 yd from ground 
zero. It Is believed that, barring suctuphenomena as hydrodynamlc effect, this curve shape is rep- 
resentative of a very broad range of underground shots. It has the gradual and fairly uniform slope 
that can be expected for a dose that depends entirely on fission product decay. Changing the weapon 
yield or burial depth might cause displacement of the curve, but would probably effect no significant 
difference in its shape. 

Curves B and C are representative of low or intermediate yield air or surface bursts. Curve B 
is based on experimental data taken at 1040 yd from ground zero at Buster Easy. It has two humps. 
The early one corresponds to the nitrogen gammas, and the later one corresponds to the fission prod- 
uct gammas. Curve C is an estimate of the situation that should prevail at distances of 5000 yd or 
morefrom ground zero. At those distances only the nitrogen gammas are Important and the dose should 
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Fig. 3.5:3 Initial Gamma Radiation Delivery Rate for Caatle 4 (Union), 6.5-MT Yield, 
Surface Burst, 4500 yd from Ground Zero. 



reach its maximum rapidly. The two curves form a band which ought to comprehend, roughly, the 
curves characteristic of intermediate distances. 

Curves D and E represent high yield. They were measured at Castle 4, 2390 and 4350 yd from 
ground zero, respectively. They display the hydrodynamlc effect vividly, m Curve D most of the 
dose arrives at about 4 sec after the burst, for Curve £ at about 7 sec. These times correspond 
roughly to the arrival of the rarefaction phase of the shock wave at the receiver. In this sense the 
dose for a high yield bomb may be considered to "travel" with the velocity of the shock wave. (See 
Section 3. 2. 1 for a fuller discussion of the hydrodynamlc effect. ) 

3.6 INITIAL GAMMA RAY SPECTRUM 



Because the radiation attenuation properties of media and of shielding materials and the sus- 
ceptibility of living organisms and Instruments to radiation effects are all heavily dependent upon the 
energy distribution of the radiation, knowledge of the energy spectrum of initial gamma radiation is 
of Importance. The radiation spectrum observed at a particular receiver point will be different from 



that observed at most other receiver points because the various energy components of the spectrum 
degrade differentially In passing through an attenuating medium. Knowledge of the initial gamma 
radiation spectrum at the source together with the existing knowledge of the spectral effects of the 
differential energy scattering and absorption cross sections 3 makes possible reasonably good approx- 
imations to the initial gamma ray energy spectrum at any point within about 8000 yd of the source. . 

3. 6. 1 INITIAL GAMMA RAT SPECTRUM AT THE SOURCE 

Attempts were made at Operation Greenhouse to measure the Initial gamma radiation spec- 
trum.21>22 while substantial information was obtained, affording new insight into early fission prod- 
uct decay processes, calibration and other difficulties prevent our relying heavily on the measured 
spectrum. 

Recently, calculations of the initial gamma ray spectrum have been made by Borg and Elsen- 
hauer.* A spectrum of great Interest for weapons effects may be taken to consist entirely of gammas 
from two sources, namely fission product decay and neutron capture In atmospheric nitrogen. Infor- 
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Fig. 3. 5:4 Percent of Initial Gamma Dose Accumulated as a Function of Time under 
Various Burst and Receiver Conditions. A. Jangle Underground (1.2 KT, 17 ft under- 
ground, 500 yd from ground zero). B. Buster Easy (32 KT, 1300 ft burst height, 1040 yd 
from ground zero). C. Estimated for low and intermediate yield weapons, surface bursts, 
5000 yd from ground zero. D. Castle 4 (6. 5 MT, surface burst, 2390 yd from ground 
zero). E. Castle 4 (6. 5 MT, surface burst, 4500 yd from ground zero). 






matlon about the fission product gamma rays has been obtained from reactor measurements and from 
short -time uranium irradiation experiments. The spectrum of nitrogen capture &™™n rays has been 
determined by Klnsey et al. 2 ^ (A third gamma source is the prompt radiation emitted during the 
fission process. Since only a relatively small fraction of the dose ("6 percent In some representative 
cases*®) iB contributed by the prompt gamma radiation, it is usually ignored In comparison with the 
fission product and nitrogen capture gammas.) 

Some results of these calculations are presented in Fig. 3.6:1 for a representative low-inter- 
mediate yield (less than 100 KT) fission weapon. In Fig. 3. 6:1 the gamma spectrum is approximated 
by the fraction of the total number of gammas which appear at each of several specific energies, tt 
shows the composite spectrum due to both fission product and nitrogen capture gammas at an equiv- 
alent point source of radiation in an infinite homogeneous atmosphere. The relative contributions of 
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Fig. 3. 6:1 Initial Gamma Ray Spectrum at an Equivalent Point Source. 
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fission product and nitrogen capture gammas tothe composite spectrum are based on source strengths 
of 1. 9 Mev of fission product gamma per fission and 0.5 Mev of nitrogen capture gamma radiation 
per fission. The spectrum given in Fig. 3. 6:1 is taken to represent the average spectrum over the 
initial gamma period. Changes in the spectrum with time undoubtedly occur, but of necessity they 
are not treated in the present work. 

The model used in the calculations has several defects. It ignores the spatial distribution of 
the fireball, the even broader spatial distribution of the nitrogen capture gamma ray source, and the 
change of quiescent air density with altitude. 

In addition, several weapon design parameters which affect the nitrogen capture gamma ray 
source strength and spectrum have been approximated by an average value characteristic of the class 
of weapons exploded at the various past tests. Such parameters include the uranium-plutonium ratio, 
the ratio of non-fission to fission captures inside the weapon, and the neutron transmission factor of 
the weapon casing. The additional complications Involved In a more refined treatment do not, in our 
opinion, justify the small increase in accuracy. 



Fig. 3.6:1 includes no contribution tothe nitrogen capture source due to fusion neutrons, 
this figure is specifically unsuited for use with thermonuclear weapons. 



Thus 



While it is believed that Fig. 3.6:1 represents the best information at present available on the 
subject, it should be emphasized that the irradiation experiments and the reactor work upon which the 
fission product spectrum is based involve periods of time considerably longer than the almost instant- 
aneous irradiation period of a weapon. Thus, the spectrum contains certain components of relatively 
long-lived fission products which are not wanted, and does not contain the very short-lived fission 
products which are wanted and which may contribute a substantial portion of the initial gamma ray 
dose. Further work to measure the initial spectrum directly is indicated. 



3. 6. 2 SPECTRAL VARIATION WITH DISTANCE 

It has been observed that the spectral composition of gamma radiation changes as the radiation 
progresses through an attenuating medium. This change is due to the fact that different energy com- 
ponents of the spectrum experience different degrees of absorption and degradation in passing through 
absorbing and scattering material. 

Table 3. 6:1 records 4irR 2 times the number flux of gammas $, in energy ranges of to 0. 75, 
0. 75 to 2, 2 to 4. 5, 4. 5 to 8, and 8 to 12 Mev. 3 The values of 4irR : <> are given as a function of the 
number of mean free pathB traversed from a point source of one gamma per second, with source 
energies of 0. 5, 1, 3, 6, and 11 Mev. The product 4»R*^ is dimensionless. If the gamma energy at 
the source E s , is within the energy interval of interest at the receiver AE^, then the value in Table 
3.6:1 is 



4irR ! = e 



- V R 



1 + 



AE i 




(3.6:1) 



where the first and second terms within the bracket represent the unscattered and scattered gammas, 
respectively. If the gamma energy of the source is not in the energy interval of interest at the re- 
ceiver, then the value in Table 3. 6:1 is 



4irR ! 4> = e 



■v R 



JV-* 



(3.6:2) 



AE, 



The single term of Eq. 3. 6:2 represents scattered gammas only, since there can be no unscattered 
gammas at the receiver under these circumstances. 
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TABLE 3.6:1 



4* RV for a Point Uotropic 8ourct tn Air with a Source Strength erf One Gamma per See 

4*R'« 





Number of Mean 




Energy Range AEj, 


tier 




Source Energy 












E a , Mer 


Free Patha nt^ 


toO. 7$ 


0.75 to 2 


3 to 4. 5 


4.5 to 6 


8 to 13 


0.9 


1 
2 
4 

7 
10 
IS 
20 


2.0« 
3.14 
1.03 
1.55x10-' 

1. 61 x 10-' 

2. 37 x 10"* 
3. 34 x 10"' 










1 


1 
2 

4 

7 

10 

15 

20 


1.73 
1.70 

8.40x 10"' 
7. 65 x 10' 1 
6. 69 x 10"' 
B. 50 x 10-' 
1.01 xlO-* 


4.80 xlO' 1 
2. 21 xlO- 1 
4.33x10-* 
3.31 xlO-* 
3.31 xlO"* 
3.43x10"' 
3.31 xlO"* 








3 


1 


1.13 


1.66 xlO" 1 


4.60x10"' 








a 


8.63x10'' 


1.27 xlO"' 


2.04x10"' 








4 


2.33 xlO"' 


3.66x10"' 


3.73x10-' 








7 


2. 03 x 10*' 


3.35x10** 


2. 61 x 10-* 








10 


1.47xl0 J 


2.44x10"* 


1.69 x 10-' 








15 


1.48x10-' 


2.54x10"' 


1.59x10-* 








20 


1.31 xlO"' 


2.42 xlO'* 


1.39x10*' 









1 


7.00x10"' 


1,01 xlO" 1 


9.65 x 10-' 


4.16x10*' 






2 


4. 64 x 10-' 


7. 26 x 10- 1 


7.13x10-' 


1.71 xlO* 1 






■ 4 


1.12 xlO" 1 


1.68 xlO** 


1.92x10-' 


2. 78 x 10-' 






7 


8.75x10-' 


1. 55 x 10-* 


1. 65 x 10"* 


1. 74 x 10"' 






10 


5.95 x 10"* 


1.06 x 10"* 


1.16x10"' 


1.04x10** 






15 


5.46x10-' 


1.03 xlO*' 


1.14 xlO"' 


8. 96 x 10- T 






20 


4.11 XlO"' 


8, 68 x 10-' 


1.00 x 10"' 


7.33x10"* 




10 


1 


4.94 x 10-' 


7.03 x 10-* 


6.02 x 10-' 


5.57x10"' 


3.97 x 10' 1 




2 


3.18 x 10"' 


4.76 x 10-* 


4.27 x 10 -* 


4.05 x 10- 1 


1.57 x 10*' 




4 


6.93 xlO"' 


1.14x10-' 


1.09 x 10-' 


1.07x10-' 


2.40 x 10-' 




7 


5.09 a 10"' 


8,82 x 10-* 


8. 63 x 10- 4 


9.10 xlO-' 


1.41 xlO"' 




10 


3.37 x 10-' 


5.66 x 10 -» 


5.96 xlO -1 


6.32 xlO- 1 


8.04x10"' 




IS 


3.07 x 10-' 


5.40 xlO"' 


5.63 xlO"' 


6.15x10-' 


6.56x10-' 




20 


2.16 x 10"' 


4.59 x 10*' 


4.79x10-' 


5.34x10"' 


5. 19 x 10'* 



The terms used In Eq. 3. 6:1 and 3. 6:2 are defined as follows: 

Ft = distance from source to point where the gamma spectrum is desired 

<p = total (scattered and unscattered) number flux of gammas within the chosen 
energy range AEj and at the point of interest 

M| = total linear attenuation coefficient for gamma rays in standard density air at 
the chosen source energy E 6 (See Fig. 3. 6:2) 

p = average quiescent air density 

AE} = chosen energy range 

I = energy flux per unit energy interval within AEj carried by scattered gammas 
for a source of one gamma per second at energy E 8 



4irR 2 e ' I = differential energy spectrum. 
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Fig. 3. 6:2 Total Linear Attenuation Coefficient for Gamma RayB In Standard Density Air 
as a Function of Gamma Energy. 



The differential energy spectra have been calculated for a number of media. 3 The values given 
in Table 3. 6:1 are based on differential energy spectra for water since corresponding results for air 
are not available. This does not introduce serious errors because in the energy range in question 
water possesses gamma ray attenuation properties very closely resembling those of the atmosphere. 

Table 3.6:2 is compiled directly from Fig. 3.6:1 and presents, for a typical fission weapon, 
the fraction of tbe total number of gammas at the source within the several energy ranges specified 
in Table 3.6:1. 

Fig. 3. 6:2 is a plot of the total linear attenuation coefficient for gamma rays in Btandard den- 
sity air Mt«> zs a function of energy. 24 The attenuation coefficient is expressed in units of reciprocal 
cm. If R, the distance of a receiver point from the source, is expressed in cm, tbe number of mean 
free paths between the source and the receiver in standard density air is simply fi^R. 

Using Tables 3. 6:1 and 3. 6:2 and Fig. 3. 6:2 the gamma spectrum can be estimated at various 
distant receiver points. The calculational methods are illustrated in the problems that follow. The 
spectral Information obtained is of value in determining the effectiveness of various shielding materials 
and thicknesses. 

It should be noted that the calculational methods which provide a means of estimating the gamma 
energy distribution also may be used to calculate a value of the total dose at the receiver. Such a 
calculation, while holding enough promise to warrant Investigation, Ib not recommended at the present 
time for routine dose determinations because of the possible large errors in the results and the 
availability of the alternative and experimentally based methods (see Sections 3.2 and 3.3). 
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TABLE a. 6:2 
Fraction of the Total Number of Gammas at the Source 



Energy Range 
4E,, Mev 


Fraction of Total 
Gammas at Source 


to 0. 75 


0.679 


0.75 to 2 


0.244 


2 to 4.5 


0.052 


4.5 to 8 


0.021 


8 to 12 


0.004 

O5o 



PROBLEM 9 

The distance between a gamma radiation source and a receiver Is known. The intervening 
medium is air of known average density. The energy components of the source are known. Find the 
number of mean free paths between source and receiver for each energy component of the source. 



Solution 



1. From Fig. 3.6:2 find u^ for each energy component of the source. 

2. Multiply each value of ^ found in step 1 by the source-receiver distance R(ln cm) and by 
the average air density p. The product v^JSR is the number of mean free paths for each 
energy. 



The following conversion factors may prove helpful: 
1 yd = 91.4 cm 
1 f t = 30. 5 cm 



Example 

A receiver is 2000 yd from a source of gamma radiation. The Intervening medium is air of 
average density p- 1.0. The source is composed of gamma rays of energies 0.5, 1, 3, 6, and 10 
Mev. Find the number of mean free paths between source and receiver for each of the gamma ray 
energies. 

1. From Fig. 3. 6:2 the values of /i^ at the several energies of interest are as follows: 



Source 




Energy, 


Total Linear Attenuation 


Mev 


Coefficient ^ tl , cm -1 


0.5 


10. x 10"> 


1 


7. 7 x 10 _l 


3 


4.3xl0" s 


6 


3. x lO -1 


10 


2. 5 x 10"* 





- ■ -. . 






t_ 


• 


2. The source-receiver distance Is 2000 yd or 1. 83 x 10* cm and p « 1.0. The number of 
mean free paths Is obtained, therefore, by multiplying the value of m*, listed above by 
1.83x10*. 








Source 

Energy, 

Mev 


Number of Mean 
Free Paths 








0.5 


18. 3 








1 


14.1 








3 


7.9 








6 


5.5 








10 


4.6 






PROBLEM 10 










The energy distribution of a source of gamma radiation Is known, as is the source-receiver 
distance. The intervening medium is air of known average quiescent air density. Find the energy 
distribution of the radiation at. the receiver. 






SOLUTION 









1. Approximate the source spectrum by breaking it im into a number of energy groups. 

2. Assume that the several energy groups may be represented by single average energies. 
For each of these energies compute the number of mean free paths between the Bource and 
the receiver by the method of Problem 9. 

3. By interpolation In Table 3.6:1 find the energy distribution into each degraded energy group 
for each component of the approximate source. 

4. Weight the energy distributions found in step 3 by the source spectrum of Btep 1. 

5. Sum the components in each degraded energy group. 

6. Normalize the spectrum by dividing each sum resulting in step 5 by the total of all such 
sums. The resulting Bpectrum will give the fraction of all gammas in each energy group, 
and the, sum over all energy groups will be equal to unity. 

Example 

The energy distribution of a source of gamma radiation Is taken to be that given In Table 3.6:2. 
The source-receiver distance is 2000 yd and the Intervening medium is air of average quiescent air 
density p = 1. 0. Find the energy distribution of the radiation at the receiver. 

1. The energy distribution from Table 3. 6:2 is 



Energy Range 


Fraction of Total 


AEi, Mev 


Gammas at Source 


to 0. 75 


0.679 


0.75 to 2 


0.244 


2 to 4. 5 


0.052 


4.5 to 8 


0.021 


8 to 12 


0.004 



1.000 



V 



2. Each erf the energy groups listed above will be represented by the single energy used In 
Problem 9. The numbers of mean free paths are listed below as calculated in Problem 9 
for these average energies, a source- receiver distance of 2000 yd and p = 1.0. 



Energy Range 
AE if Mev 


Average 
Energy, 
Mev 


Number of 
Mean Free 
Paths 


to 0. 75 


0.5 


18.3 


0.75 to 2 


1 


14.1 


2 to 4.5 


3 


7.8 


4.5 to 8 


6 


5.5 


8 to 12 


10 


4.6 



3. Interpolation in Table 3. 6:1 provides the following 



Average 
Energy, 
Mev 


Number of 
Mean Free 
Paths 


0.5 


18.3 


1 


14.1 


3 


7.9- 


6 


5.5 


10 


4.6 



4iR*^ 



to 0. 75 0. 75 to 2 



E nergy Range AEi, Mev 
2 to 4. 5 



4. 5 to 8 



8 to 12 



8.97x10-* 

1.80x10"' 6.20x10"' 

1.27x10"' 2.11 xl0- 8 _ -1.63x10-* 

5.69x10-* 9.61x10-' 9.84x10-' 1.39x10-' 

5. B6 x 10-' 9. 61 x 10-' 9. 21 x 10"' 9. 10 x 10"' 2. 03 to 10"* 



4-5. Weighting the energy distribution found in step 3 by the source energy distribution from 
stepl and summing the components iiTGach degraded energy group provides the following: 



Average 
Energy, 
Mev 



Fraction of 
Total Gammas 
at Source, F 



F (4jrRV) 



to 0. 75 0. 75 to 2 



Energy Range AEj, Mev 
2 to 4. 5 



4. 5 to 8 



8 to 12 



0.5 


0.679 


6. 09 x 10"' 










1 


0.244 


4. 39 x 10"* 


1.51x10-' 








3 


0.052 


6.60x10"* 


1.10 x 10"* 


8.48 xlO"' 






6 


0.021 


1.19x10-' 


2. 02 x 10"* 


2.07 xlO -4 


2.92x10"* 




10 


0.004 


2. 34 x 10 -4 


3.84x10-* 


3.68x10"' 


8.64x10-' 


8. 12 x 10"» 



1.000 



2.58x10"' 3.66x10-* 3.29 x 10"* 3.28x10"* 8.12x10"* 



6. The total of all sums from the above energy groups is 3.68 x 10"'; by dividing the Individual 
energy group totals by 3. 68 x 10 •• we get the energy distribution at the receiver as shown 
below. 



Energy Range 
AEx, Mev 


Fraction of 
Total r< aTn r n ^ K 
at Receiver 


to 


0.75 


0.701 


0.75 to 


2 


0.099 


2 to 


4.5 


0.089 


4.5 to 


8 


0.089 


8 to 


12 


0.022 



1.000 

Fig. 3. 6:3 presents both the gamma energy spectrum calculated above (receiver 2000 yd dis- 
tant from point source) and, for purposes of comparison, the corresponding spectrum at the source 
given earlier in Table 3.6:2. 

Error 

It is not possible to speak about errors for this kind of calculation in precise numerical terms. 
It suffices to say that the methods delineated are quite crude and approximate. The results are, how- 
ever, qualitatively correct, and sufficiently definitive for the purpose of making estimates of the rela- 
tive effectiveness of shielding structures infield situations. For work where more precision is needed, 
reference should be made to the detailed procedures 3 upon which Table 3.6:1 is based. Lack of better 
information about the gamma source spectrum in large measure vitiates any present refinements in 
the techniques of computing energy degradation. 

3.7 MILITARY SHIELDING 

Gamma radiation incident upon a receiver from a given source can be reduced in only two 
ways: 

1. by increasing the distance between source and receiver, and 

2. by interposing absorbing materials between source and receiver. 

Since, in general, the source-receiver distance is fixed, particularly for the Initial radiations, it is 
really only through variation of the material shielding around the receiver that the dose can be con- 
trolled. 

To evaluate the shielding effectiveness of any given configuration of materials it is necessary 
to have some notion of the directions from which the radiation may arrive and of the shielding values 
of the materials composing the structure. Because in traversing a medium such as air, gamma 
radiation can be scattered as well as absorbed, and because a scattering process can involve changes 
of direction as well as loss of energy, the radiation will not all travel along the line of sight from the 
source to the receiver. As the distance from the source to the receiver increases, an increasing 
fraction of the total radiation arrives at the receiver from directions other than the line of sight. 
While there have been no definitive measurements or calculations of the angular distribution of radi- 
ation at a receiver in the neighborhood of a nuclear explosion, experience in similar problems indi- 
cates that very substantial amounts of radiation may arrive at the receiver from directions markedly 
different from the line of sight. 

Although there are some circumstances in military operations where a simple line-of-slght 
shield can provide adequate personnel protection, the more common situation requires all-around 
and top shielding and such protection should be provided wherever possible. 

No generalized treatment of the military gamma shielding problem, either theoretically or 
experimentally based, can be presented at this time. The geometrical configuration of a structure 
bears importantly on its shielding effectiveness; the geometry of most practical structures and of the 
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Fig. 3. 6:3 Comparison of the Initial Gamma Ray Spectra at the Source and at a Receiver 
2000 yd from the Source. 



topography in which they are located cannot be eimply described in a mathematical sense. It is ex- 
tremely difficult, therefore, to compute the shielding effectiveness of a given structure with reason- 
able accuracy. The computational problem is compounded by the general lack of information on the 
distribution of the radiation at the receiver in intensity, energy, and angle. Generalizations based 
on experimental measurements are equally difficult because the data are limited, are distributed over 
a variety of structural types, and often lack Internal consistency. 

Under these circumstances it is felt that at present the best way to determine the shielding 
effectiveness of a given configuration of materials Is to estimate It from experimentally measured 
values for similar structures under similar conditions. 

To this end the most pertinent and comprehensive test results, 25 ) 26 notably from Teapot, are 
summarized below far various shelters, field fortifications, foxholes, armored vehicles, and vehicle 
trenches. These results were obtained in real structures under conditions which approximated real 
military situations, but they should always be used with the understanding that they apply strictly to 
a particular situation and will vary to an extent depending on the actual situation of interest. Specific 
soil types, burst heights, and weapon characteristics may all be expected to have some effect on 
shielding effectiveness. 
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The results are conveniently presented in terms of the gamma dose transmission factor T, 
defined as the ratio of the dose measured Inside the shielding structure to the dose measured outside. 
As the shielding effectiveness of a configuration goes up, the transmission factor goes down. As noted 
above, the transmission factor for a given configuration is not unique but depends on the conditions 
under which the doses are measured. Further, for different structures the value of the transmission 
factor may vary widely. Some structures with thick earth covers provide transmission factors of 10'*,' 
which is virtually complete protection. The transmission factor at the bottom of foxholes may be as 
low as 0.05, while armored vehicles may have average transmission factors as high as 0, 7. 

The transmission factors and related descriptive information are presented in Tables 3.7:1 
through 3. 7:7 and Figs. 3. 7:1 and 3. 7:2. Table 3. 7:1 presents a description of the several shelters 
tested at Teapot while Table 3. 7:2 presents the corresponding transmission factors and line-of-sight 
thicknesses from the detector to the point of burst. Table 3.7:3 presents a description of the field 
fortifications tested for gamma shielding at Teapot and Table 3.7:4 lists the fortification transmission 
factors and line-of-sight thicknesses. The transmission factors for 1-man, 2-man, and prone fox- 
holes resulting from measurements at several shots in the Ranger and Teapot series are given in 
Table 3.7:5. These data are also plotted as a function of distance from ground zero in Figs. 3. 7:1 
and 3. 1:2. Finally, Tables 3. 7:6 and 3. 7:7 present a limited number of transmission factor values 
for armored vehicles and vehicle trenches, respectively. 

Some of the data presented are clearly questionable and where such discrepancies appear in 
Tables 3.7:2 and 3.7:4 (shelters and fortifications), they are indicated by an asterisk. Since the fox- 
hole data are plotted in FigB. 3. 7:1 and 3, 7:2, the possible inconsistencies are best determined from 
the figures rather than from Table 3.7:5. 

Despite these questions several general results may be noted. For covered shelterB or forti- 
fications the vertical variation of dose, at least between 20 and 50 in. from the structure floor, is of 
negligible importance. Horizontal variation, on the other hand, may have a more pronounced effect. 
The very limited data available indicate, for -example, that moving close to the wall nearest ground 
zero from a central point within a structure may reduce the transmission factor by a factor of three 
or four. At the point of emergence from the shelter the transmission factors will, of course, be close 
to or equal to one and therefore the increase in the transmission factor between the interior and the 
entrance will be largest for the most effectively shielded structures. This type of increase may be 
quite large; for the shelters and fortifications tested at Teapot it varied from less than 2 to more 
than 200. Thus, position within the structure at the time of burst will have an Important effect on the 
dose received. 

A first attempt has been made to correlate the foxhole transmission factor data from Ranger26 
and Teapot25 in Figs. 3. 7:1 and 3. 7:2. While questions can be raised about a substantial portion of 
the data, even from a single test shot, there appears to be enough consistency on the whole to justify 
such an attempt. Fig. 3. 7:1 presents the spread of values of the transmission factor as a function 
of distance from ground zero for Ranger Shots 2 through 5. All four shots were made at the same 
location and with burst heights which varied between 1,000 and 1,500 ft. In most cases, several 
readings were taken at each depth and thus the values presented may be taken to represent the average 
transmission factor at the depths indicated. Additional data were taken on 1-man and prone foxholes 
and these data are reported In Table 3. 7:5. They are not, however, plotted in Fig. 3. 7:1 since the 
uncertainty in the values of the transmission factors for a single type of foxhole appears to be greater 
than the spread between types or, for that matter, the orientation of the foxhole to the burst point. 
Using these data, estimated boundary curves are drawn for the transmission factors at three depths. 
It should be noted that the boundary curves are all drawn decreasing monotonically with increasing 
distance from ground zero, although the data for the lower two depths at 1, 600 yd Beem to indicate a 
change in elope. It is conceivable that at distances and depths where the major dose component is 
scattered, such a change in slope actually does occur; some of the Teapot data also suggest this 
possibility. However, because of the many variables involved and because of the considerable scatter 
in the available data, this question must be left open for further investigation. 

Fig. 3.7:2 presents the data from individual foxholes from Teapot Shots 11 and 12. The burst 
heighisfor Shots 11 and 12 were 300 and 400 ft, respectively, and the locations and soil characteristics 
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TABLE 3. 7:1 

Description of Shelters 

OCE- The three OCE (Office, Chief of Engineers) shelters (UK-3.Ba, UK-3.8b, UK-3. 8c) are iden- 
tical, bunedO, flat-roofed, box-shaped structures with walls of reinforced concrete (aide 
wall* 19 in. thick, end walls 15 in. thick) and beam-supporttd steel roofs (1/2 In. thick). The 
structures are 8 ft high, 10 ft wide, and 21 ft long, oriented with the long side facing ground 
aero. All three structures are 300 yd distant from ground zero. The principal difference be- 
tween the structures is the thickness of the earth cover (1,4, and 8 ft). Each structure has a 
single entrance tunnel with one right angled turn. 

OCE-Dupiex - The single OCE -duplex shelter (UK-3. 7) is basically similar to the structures described 
above. It is a two- room, buried, box-shaped and flat-roofed cell with reinforced concrete 
walls (side walls 19 in. thick, end walls 15 in. thick) and a beam-supported steel roof (1/2 in. 
thick). The structure is 7 ft high, 6 ft wide, and 19 ft long. It is positioned 300 yd from ground 
zero with the long side facing ground zero. The earth cover is 2 ft thick. There is a baffled 
entrance at each end of the structure, one of these entrances having three right turns and the 
other, seven. 

Navy Armco - There are two Navy Armco structures, one at 500 yd (TP-F-3. 6-a-l) and the other at 
767 yd (UK-3. 15) from ground zero, both above ground and long-side-on to the blast. They are 
half -cylindrical, Quonsut-hut type structures made of 1/B in. and 1/16 in. thick corrugated 
steel, respectively. The shelters are both 12 ft high at the crown, 25 ft wide, and 48 ft long 
and are covered by an earth embankment which is approximately flat over the structure proper 
and then tapers off to the normal ground level. The TP structure is covered with earth, with 
a vertical thickness of 3 1/2 ft at the crown and increasing to about 15. 5 ft at the edges of the 
cylinder. The vertical thickness of the earth cover Is zero at the crown of the UK structure 
and increases to about 12 ft at the edges. There is one entrance at the end of each of the Armco 
structures, a straight length of corrugated steel cylindrical pipe, approximately 12 ft long and 
6 ft in diameter. 

BuDocks - The BuDocks (Navy Bureau of Yards and Docks) shelter la above ground, 1033 yd from 
ground zero, and side-on to the blast. It is a box-shaped structure with a gabled roof. The 
walls and roof are made of precast panels of reinforced concrete, 2 in. thick, it is 13 1/2 ft 
high at the peak, 22 ft wide, and 48 ft long. The entrance is at the end of the shelter and is 
fitted with a blast door. There is no earth cover on top or sides. 

Instrument Shelters - There are five instrument shelters (3.28j, 3.28c, 3.2Bh, 3.28f, 3.28e) posi- 
tioned from 333 to 2200 yd from the point of burst. They are all box-shaped structures with 
flat roofs. The walls and roofs are made of reinforced concrete. Some of the instrument 
shelters were semi-buried (3.28J and 3.28c) while the others were above ground. None of 
them has earth covering on the roof but they all have earth embankments piled up at the sides. 
The dimensions of the shelters vary, 3. 28J being 7 1/2 ft high, 8 ft wide, and 29 1/2 ft long; 
3.28c being T 1/2 ft high, 8 ft wide, and 15 1/2 ft long; 3.28e, 3.28f, and 3. 28h all being 7 1/2 ft 
high, 8 ft wide and 17 ft long. Similarly, the thickness of the concrete walls and roof varies, 
3. 28j having walls and roof 2 1/2 ft thick; 3.2fli having walls and roof 1 1/2 ft thick; 3.28e and 
3. 28f having walls and roof 10 in. thick; and 3.28h having walls and roof S in. thick. The en- 
trance arrangements also vary, two of the shelters (3.28J and 3. 28c) having two steel hatches 
(2 1/2 ft square) in the roof while the others have a door in the wall farthest from ground zero 
and a cut in the embankment at that wall, 

t 1 ' For present purposes shelters and fortifications will be classified as buried (those completely be- 
low the normal ground level), semi-buried (those partly below normal ground level), and above- 
ground (those completely above normal ground level). Wnile the buried structures are usually 
completely surrounded by earth on sides and top, semi-burled and abovegrour-d structures may 
or may not be earth-covered. 
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TABLE 3. 7:3 

Description of Fortifications 

A-l, A-2, A -3 -The A -type fortifications are semi- buried, T-shaped machine gun emplacements, 
approximately 8 ft high, with the oar of the T 21 ft long and 7 ft wide and the stem 7 ft long and 
7 ft wide. They are located 333, 3S3, and 407 yd from ground zero, respectively. There is an 
open entrance at each end of the bar and the end of the stem contains the machine gun port. The 
stem of the T faces away from the burst point. The earth cover is S ft thick and the roof and 
walls of the fortification are of timber. 

B-i, B-2, B-3 -The B-type fortifications are buried, box-shaped structures, 7 ft high, 8 ft wide, and 
12 ft long. They are made in two B ft by 6 ft sections and are located at 333, 383, and 467 yd 
from ground zero. There is a single entrance which makes one right turn before reaching the 
surface. The B-3 structure is Identical to the B-l and B-2 structures except that the entrance 
of the outer 8 ft by 6 ft section is equipped with a blast door and the inner section is made into 
a CBR (Chemical, Biological, Radiological) shelter by lining the walls with diffusion board. 
The earth cover is 5 ft thick and the roof and walls of the fortification are timber. The long 
side of the structure faces the burst point and the entrance to the structure is on that side. 

C-3 - The G-3 fortification is the same as the B type except that logs are used for the roof and walls 
instead of cut timber. It is positioned at 467 yd from ground zero. 

D-2 - The D-2 fortification is a buried, box-shaped bunker, 9 ft high, 11 ft wide and 20 ft long. It is 
positioned with the long side facing the burst point and has an entrance at each end, each of 
which makes two right turns before reaching the surface. The walls and roof are of timber, 
the earth cover is 5 ft, and the structure is 383 yd from ground zero. 

H-3 - The B-3 fortification Is a semi-buried, upright cylinder capped with a prefabricated plywood 
dome. The cylindrical portion of the fortification is approximately 3 ft high and 8 ft in diam- 
eter. The dome is 8 ft In diameter and has an 8 in. high by 2 ft long gun port facing away from 
the burst point. The entrance to the fortification is a short tunnel, with one right turn, and is 
on the side closest to the burst point. The walls of the structure are of timber and the earth 
cover Is approximately 3 ft at the top of the dome. 

1-3 - The 1-3 fortification is an 8 ft length of 4 ft diameter corrugated steel pipe buried in the ground 
with the axis of the pipe slde-on to the burst point. An open trench at one end of the pipe serves 
as the single entranceway and this end is covered with the wooden wall and door. The earth 
cover Is approximately 4 ft thick above the top of the pipe. 
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TABLE 3. 7:6 






Trans mission Factors for Armored Vehicles 25 




Vehicle 


Transmission Factor within Vehicle 




Minimum 


Maximum 


Average 


M48 Tank, 90- nun Gun 


0.04 


0.18 


0.1 


AJV-M59 Personnel Carrier 


0.46 


1.0 


0.7 


T97 Self-Propelled 


0.31 


1.0 


0.6 


155-mm Gun 









(1) These transmission factors were measured at Teapot Shots 1 (1. 2- 
KT yield, 762 ft burst altitude), 4 (43-KT, 500 ft), 5(3.6-KT, 300 ft), 
S (15-KT, 500 ft), and 12 (24-KT, 400 ft). 



TABLE 3. 7:7 
Transmission Factors for Vehicle Trenches {Teapot, Shot 12) 



25 



Distance of Trench from 
Ground Zero, yd 

700 
BOO 



Transmission Factor 
Inside Trench 

0.6 

0.2 



for the two bursts were not the same. In some cases these data represent single readings at a given 
depth while in others several readings were averaged. With few exceptions and these only at 2, 000 
yd from ground zero the Shot 12 data fall into a consistent pattern. The curves drawn are based 
primarily on the results of Shot 12. The Shot 11 results have considerably less internal consistency 
and also tend to be above the corresponding Shot 12 results. Differences in soil type for the two 
locations may be partly responsible for the differences between Shots 11 and 12 but no explanation is 
offered for the poor Internal consistency of Shot 11. 

The vertical variation of the transmission factor within the foxholes is, as expected, larger 
than that within covered shelters and fortifications. Thus, the transmission factor may decrease by 
as much as a factor of 10 in going from 10 to 50 in. below the ground surface. Conversely, the hor- 
izontal variation of the transmission factor is much less than that in underground shelters, because 
of the relatively small size and open construction of the foxhole. The lowest transmission factor at 
a given depth will, however, still be next to the face or faces of the foxhole closest to ground zero. 

Despite the discrepancies and uncertainties of the foxhole data it is recommended that for the 
present Figs. 3.7:1 and 3.7:2 be used to estimate transmission factors for air bursts with burst 
heights of 1,000 to 1, 500 ft and 300 to 500 ft, respectively. Interpolation or extrapolation to other 
burst altitudes maybe made based on these figures but always with an appreciation of the inaccuracies 
in the original results. 

To assist in those cases where it is not possible to find a tested structure or fortification 
sufficiently similar to the device whose shielding characteristics are desired, a simple and rough 
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Fig. 3. 7:1 Transmission Factors for Foxholes (Ranger Shots 2 through 5). 
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Fig. 3.7:2 Transmission Factors for Foxholes (Teapot Shots 11 and 12). Data points 
which are circled appear to be inconsistent with the transmission factor curves as drawn. 



TABLE 3. 7:8 
Transmission Factors for Standard Thicknesses of Five Common Siielding 
Materials as a Function of Gamma Ray Energy 

Transmission Factor 





Standard 
Thickness 






Gamma Ray Energy, Mev 






Material 


0.25 


0.5 


1 


2 


3 


4 


5 


6 


Water 


1ft 


0.37 


0.36 


0.38 


0.45 


0.50 


0.53 


0.54 


0.56 


Iron 


1 In. 


0.45 


0.54 


0.60 


0.63 


0.65 


0.65 


0.63 


0.63 


Concrete 


1ft 


0.089 


0.083 


0.091 


0.15 


0.19 


0.22 


0.23 


0.25 


Lead 


1 in. 


0.001 


0.065 


0.27 


0.44 


0.44 


0.39 


0.36 


0.33 


Sand 


1ft 


0.061 


o.oea 


0.099 


0.14 


0.15 


0.15 


0.15 


0.15 



calculations procedure la possible. For this purpose we may define an approximate form of the trans- 
mission factor 



T ~ e 

e 



A * 



(3.7:1) 



where, for a given material, ^ is the total linear attenuation coefficient and x Is the thickness 



If we choose some standard thickness of material Xg and determine the corresponding value of 
the transmission factor T eg , then any other thickness x. of this material will yield a transmission 
factor 



T = e * = e * 8 W = ( T )** 
e es 



(3.7:2) 



1 



Similarly, If several different materials compose the shield, then the combined transmission 
factor will be 



T e(i,V) e 



' ( Vi + "t, x : + V,> 



T T T 
ei et ei 



(3.7:3) 



Eqs. 3. 7:2 and 3. 7:3 demonstrate a very important rule applicable to approximate shielding 
calculations, namely that when several different materials or thicknesses of the same material are 
added together in a shield, the composite transmission factor is equal to the product of the trans- 
mission factors of the individual layers. Hence, the transmission factor for two layers of equal 
thickness of a given material is the square of the transmission factor for a single layer. 

Table 3,7:8 presents the transmission factor T e8 (as a function of gamma energy) for arbitrarily 
selected standard thicknesses of the five most common shielding materials. Using Eq. 3.7:3 and the 
values of T eB given in Table 3. 7:8, the composite transmission factors can be roughly estimated for 
structures made up of the materials listed and for gammas of a known energy and energy distribution. 

The values of T eg given in Table 3. 7:8 indicate that the materials listed are most effective 
against the lower energy (say below 0. 5 Mev) gamma rays. Further, in the gamma energy range of 
interest the shielding effectiveness of most materials decreases with increasing gamma energy, 
reaches a minimum value, and then slowly increases. (This is not true of materials of low atomic 
weight where the shielding effectiveness decreases continuously with energy in this range.) For many 
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important gamma shielding materials the transmission factor does not vary appreciably within the 
range of interest (say to 15 Mev) above about 3 Mev. Since there are relatively few fusion gammas 
above about 4 Mev, an average value of 3 or 4 Mev Is often used for approximate shielding calculations 
in the absence of detailed spectral information. This choice is usually conservative. 

PROBLEM 11 

A radiation shelter has uniform structural composition on all sides and on top. Its material 
composition is known together with the thickness of each component. It is exposed to radiation of 
known energy distribution. Find the average gamma ray transmission factor available within the 
shelter. 

SOLUTION 

1 . Divide the thickness of each component material x, by the standard thicknesses Xg as given 
in Table 3.7:8. 

2. Prom Table 3.7:8 read the standard thickness transmiBBion factor T e8 appropriate to each 
material and at each energy which Is present in the spectral distribution. 

3. For a given energy and material take the standard thickness transmission factor T es and 
raise it to the x/Xg power where x/xg is the number of standard thicknesses for this mate- 
rial as found in step 1. This is now the transmission factor T ei for the actual thickness 
of the given material. 

4. Repeat step 3 at the same energy for all other materials in the shield to obtain T er T e| , 
etc. 

5. Multiply together all the values of y ev T ei , T ej , etc., found in steps 3 and 4 to obtain 
T e / t j , j the over-all gamma ray transmission factor for the structure at the given 
energy. 

6. Repeat steps 3, 4, and 5 for each other energy. The resulting numbers comprise a set of 
energy-dependent gamma transmission factors. These factors are weighted by the known 
gamma energy distribution to obtain the over-all transmission factor for the structure. 

In general, instead of doing the computation in such detail, it will be done for only a single 
energy characteristic of the entire gamma energy spectrum. The energy-dependent set of trans- 
mission factors is not useful unless the radiation energy distribution 1b known. Such information will 
not generally be available, although it can be calculated approximately by the methods of Section 3. 6. 

Example 

The walls and ceiling of a shielding structure are made of 2 in. of iron and 6 In. of sand. The 
gamma energy distribution is not known and a 3 Mev average energy Is assumed in the absence of the 
spectral information. Find the gamma ray transmission factor of the structure. 

1. From Table 3.7:8 the standard thicknesses of iron and sand are 1 in. and 1 ft, respectively. 
Thus, the structure is made up of two standard thicknesses of iron and one-half standard 
thickness of sand. 

2. From Table 3. 7:6 the transmission factors for standard thicknesses of iron and sand at 
3 Mev are 0. 65 and 0. 15, respectively. 

3. The gamma ray transmission factor for 3 -Mev gammas and two standard thicknesses of 
iron is (0.65) 2 = 0.42. 

4. The transmission factor for 3 -Mev gammas and one-half standard thickness of sand is 
(0.15)'/* = 0.39. 

5. The transmission factor for the shelter is then (0. 42) (0.39) = 0. 16 when the gamma rays 
are assumed to be 3 Mev. 
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Chapter 4 

NEUTRON RADIATION 



4.1 INTRODUCTION 

Neutron radiation 1b emitted at the time of a nuclear explosion and adds to the gamma radiation 
dose discussed in Chapter 3, although it is usually smaller in magnitude. Neutron radiation is most 
important at short distances from the point of burst, when the burst is at high altitude, or when the 
weapon has a very thin casing. Under these circumstances, or combinations of such circumstances, 
the neutron dose may exceed the gamma dose. 

Experimental data on neutron radiation were much less complete than on gamma radiation be- 
fore the Teapot (1955) series of test bursts. The work of Harris* on the Teapot series, however, has 
considerably improved the situation and present results can now, with some reservations, be inter- 
preted in terms of basic phenomenological theory which 1b well understood. 

Section 4. 2 presents a discussion of the mechanisms of neutron generation. Section 4. 3 de- 
scribes the experimental methods, both physical and biological, used for measuring neutron radiation 
effects and then presents a summary of the most significant experimental results. Section 4. 4 derives 
the total flux-distance relations for neutrons for the most important situations and describes the scaling 
of these relations for various conditions. Some of this material is nearly the same as that given in 
Chapter 3. The major limitations of these relations are also discussed. In Section 4. 5 dose-distance 
relations are provided for the prediction of total neutron dosage in most operational situations. It 
should be noted that the accuracy and scope of such predictions are limited by the inadequacy of the 
experimental methods and the incompleteness of the theory. Moreover, experimental measurements 
do not yield consistent results for all types of bursts and burst environments. Section 4. 6 discusses the 
relative importance of neutron radiation as compared to the other mechanisms of bomb damage. Sec- 
tions 4.7 and 4.6 provide limited information on the neutron energy spectra and delivery rates, re- 
spectively. Finally, Section 4. 9 presents information on military shielding against neutrons. In this 
area current deficiencies of quantitative information are perhaps even greater than in the dose-distance 
relationships. 

Throughout this treatment of neutron radiation the approach taken is to attempt to correlate, 
empirically, experimental results with simple theoretical calculations, rather than to attack the prob- 
lem from the point of view of fundamental theory. 



4. 2 THEORY OF NEUTRON GENERATION 

4. 2. 1 INFLUENCE OF WEAPON DESIGN 

Neutron generation characteristics, specifically the neutron source strength and energy distri- 
bution, are controlled primarily by the weapon design. Three separate effects are involved. 
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1. The number of neutrons produced per KT and the initial energy spectrum depend on whether 
fusion or fission is the production process. 

2. The number of neutrons absorbed by non-fission processes within the weapon Is dependent 
on its design and construction. This de pendence, chaxactexiaed_by ili£_captur e to fission 
ratio strong. The value of csfl ^ftpr weapons 
which have thus far been tested, most values clustering well within these limits. 

3. The neutrons which are not captured in the weapon components will be degraded in energy 
in penetrating the weapon casing, especially when the latter contains hydrogenous material 
(such as high explosive). Asymmetries in the construction of the weapon will result In 
asymmetries In the flux or dose-distance relations. 

The discussion of neutron generation which follows is therefore based on the classification of 
weapons as fission, boosted fission, and fusion. 



4.2.2 

r 



FISSION WEAPONS 



Neutrons are released from the weapon core as a result of the nuclear fission reaction, which/ 
occurs during the explosion of a fission weapon. Their number is given by 1. 3 x 10** (v-l-aJ W where 
1.3 x 10" is the number of fissions per kiloton, v is the average number of neutronB per fission 
(v = 2. 5 for U :u , 2.95 for Pu 1 '*), a is the ratio of the number of nonflsslon neutron captures in the 
weapon components (including the fissionable material) to the number of fission captures, and W is the I 
fission weapon yield in KT. — ' 

/ Values of a have been calculated by Malik^' ' considering captures in the weapon core only and 
ignoring those ocurring in the high explosive shell. (High explosive is composed primarily of nitrogen 
and hydrogen; captures in the explosiy^occurpredomlnantly in the nitrogen. ) In the one specific case 
in which Malik makes an estimate^ ^of the neutrons born are captured in the high 

explosive. This is because the mean lifetim e of the neutron in normal density high explosive^ ^ 

fl 0is much longer than the time required for the expansion 

the weapon to a negligible density. Thus, most of the neutrons that enter the high explosive get through 
it without being captured. 

The explosive may be very effective, however, in degrading neutrons in energy because of the 
large energy losses involved in colli sion with its hydroge n constituent. In some of the older weapons 
with very thick high explosive shells^ || most of the neutrons were probably slowed 

down all the way to velocities and energies characteristic of bomb thermal temperature (approximately 
1 kev in energy). Bomb thermal temperature may be loosely defined as the temperature of the weapon 
components at a time just after completion of the nuclear reaction. The components have then expanded 
(ust enough so that the weapon reactivity has dropped below critical. The weapon diameter has approx- 
imately doubled in size by this time. 



In the newer type weapon* 
less effective in degrading neutrons in energy, 
the weapon at nearly fission neutron energies . 



| the high explosive shell is much thinner and therefore 
A substantial fraction of neutrons now appear outside 



In a gun-type weapon high explosive is lacking except at the weapon ends. Fast neutrons escape 
most easily in the direction in which no high explosive Is present. Thus, there occur asymmetries In 
the dose -distance relations which are not present in [spherical implosion-type weaponsj The fast 
neutron flux per unit energy yield for gun-type weapons is naturally higher th an for /Sph erical imploa Ion 
weapons I 




The number of fast neutrons emerging from the weapon is, therefore, a rather strong function 
of weapon type. The total number of neutrons emerging from a weapon with a given fission y ield, 
however, is l ess sensitive, depending only on a, which varies 

[The few captures in the high explosive are Ignored. 





4.2.3 BOOSTED FISSION WEAPONS 

Boosted fission weapons are usually merely unboosted fission weapons to which a very small 
amount of deuterium has been added. The direct fusion yield from this deuterium la very small com- 
pared to the fission yield. About half of the fusion neutrons are very energetic (14 MevH however, and 
they augment the fission yield appreciably by causing additional fissions to occur. Fusion neutrone are - 
especially effective in causing fission 5 ' 6 in U Ma . The fission threshold energy for V m is about 1. 5 Mev 
and for this reason neutrons resulting from the fission process are quite ineffective in initiating fission 
in U r " 
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The same general considerations discussed under fission weapons apply to the generation of 

neutrons in boosted fission weapons. The difference between the fission and boosted fission weapons of 

the same design is only that the yield of the boosted weapon may be appreciably higher and that the 

neutron Bpectrum may be very slightly higher, due to the presence of the relatively small number of 

£l4-Mev fusion neutronsTy 



4. 2. 4 THERMONUCLEAR WEAPONS 

For a given yield, thermonuclear weapons produce a larger number of neutroi 





[~2. 6 x 10" neutrons -KT"^ 

)The numoer oi neutrons 
per KT oi total yield will, therefore, be intermediate between the values given above; in addition, the 
neutron energy spectrum for thermonuclear weapons will be higher than for fission or boosted fission 
weapons. Due to reasons of security classification, details concerning the design and construction of 
thermonuclear weapons are unavailable and therefore no discussion of the neutron attenuation processes 
within the weapon is possible here. 



4. 3 EXPERIMENTAL METHODS AND RESULTS 

The physical quantities of Interest required to establish an understanding of neutron radiation 
effects include the total flux, the neutron energy spectra, the dose (in rep), and the delivery rate. The 
biological quantities of importance are the dose (in rem) for the specific biological effects of interest 
and the corresponding RBE. There are as yet no completely satisfactory methods of measuring any of 
these quantities and there are large gaps and inconsistencies in the available experimental data. It is 
of value, nevertheless, to describe the current experimental methods. The short summary which 
follows is intended to illustrate In broad outline these methods and the approximations and weaknesses 
inherent in much of the experimental data. It is not intended to be a textual Introduction to the field of 
instrumentation for the study of neutron radiation. 

Following the description of the methods of measurement, the most pertinent and reasonable of 
the experimental results are presented. This discussion leans heavily upon the Teapot test results of 
Harris for fission and boosted fission weapons. The data for thermonuclear weapons are much less 
satisfactory. 

4. 3. 1 PHYSICAL EXPERIMENTAL METHODS 

Measurements of neutron flux and spectra have been performed primarily by activation detec- 
tors. These detectors depend on the conversion of certain elements into radioactive species as a 
result of neutron capture. Activation detectors are usually made in the form of thin foils or wafers 
and in this form are nearly isotropic in sensitivity to neutron direction. Neutrons which have a high 
energy at the source (relative to the particular detector) may, therefore, suffer one or more collisions 
in transit (with associated energy loss and change of direction) and still be detected, along with those 
neutrons that remain unscattered. If the value of the unscattered flux is desired separately, it can be 
obtained by the use of neutron -collimating systems in conjunction with the detector. In the absence of 
such collimating devices, activation detectors measure total flux (scattered and unscattered) in a spe- 
cific energy range which depends on the detector. 
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Other devices have been used for neutron measurements with varying success, such as ioniza- 
tion chambers, fission fragment cameras, and germanium detectors. 

Thres hold Activation Detectors 

An important class of activation detectors is known as threshold detectors. These detectors 
depend on a neutron reaction which will not occur except with neutrons above a specific non-zero 
energy. For threshold detectors the number of active atoms formed at the time of the bamb burst, 
therefore, is proportional only to that part of the neutron flux that is above the threshold energy. At 
later times the number of active atoms decreases at the rate characteristic of the particular reaction 
product. For Irradiation times short compared to the mean life of the reaction product and for de- 
tectors small enough to avoid depression of the neutron flux the total number of active atoms in a thres- 
hold detector at time after burst t is 



r 



N = e V I E(E) 0(E) dE (4. 3:1) 
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where 

A = decay constant for the activated reaction product 
d 

S{ E) = macroscopic activation cross section 

<t>{ E) = neutron flux per unit energy to which the detector was exposed 

V = volume of detector 

E = neutron energy 

It is usually assumed that the activation cross seotion rises sharply at the threshold to some 
value and remains constant at this value above the threshold energy. Thus 

£(E) * Z f or E > E thr 

E(E) * for E < E„. 
tnr 



where 



E^ *= threshold energy 



2 * macroscopic cross section above the threshold energy 
The total neutron flux $ above the threshold is then 






where 



* I <f>(E) dE (4.3:3) 

E thr 

The activity or rate of decay is related to the number of active atoms by the decay constant 
110 



3r-V < 4 - 3:4) 



and therefore 



d 



J 



To determine the activity A the detector is placed in a predetermined position with respect to a 
conventional counting device, m many cases the detector is placed within the counter to avoid radiation 
losses in penetrating the counter window. Since the counting device is usually not 100 percent efficient, 
it measures a quantity Ac which is only a fraction of the detector activity A. Calibration of the de- 
tector-counter system is therefore required. This is performed by exposing an identical detector to 
an artificially produced neutron flux of known magnitude whoBe energy spectrum is as close as possible 
to that of the bomb radiation, (Anuclear reactor is generallyused for this purpose to simulate bomb 
fission neutrons. To simulate{l4-Hev bomb fusion neutronsja high energy particle accelerator is 
used to bombard a suitable target. ) 

Further adjustments in the calculation must be made in some situations, for example when the 
decay constant \j is so large that the activity will change appreciably during the time of measurement. 

The most commonly used threshold detectors are discussed individually below and are listed in 
Table 4. 3:1 together with the threshold energy and the nuclear reaction involved. 

The most reliable of the threshold detectors in-past experimental teBts has been sulphur (3 Mev 
threshold). 7 * 6 Fission threshold detectors have only recently proven successfulfor detection of neutron 
radiation of intermediate energies. 1 ' 31 Early results showed rather poor consistency.*' 10 Pu a, ,when 
shielded against thermal neutrons by 2 cm of boron, measures the {neutron flux above about 4 key]") 
The effective threshold can be varied somewhat by changing the thickness of the boron absorber. Np"~ 
has a threshold at about^TSO feev and U !M has a threshold at about 1.5 MevTj (Using U zn detectors, one 
must carefully avoid contamination of the U 1 * 8 by U* x . ) A complication resulting from the use of fission 
threshold detectors is brought about by the formation of many different active fission products, each 
of which follows its own exponential decay rate. The gross fission products decay at an over -all rate 
which is then the ^sum of a number of exponentials. Procedures for fission threshold detectors must be 
modified accordingly. This may be done by replacing the exponential in Eq. 4. 3:5 by another time- 
dependent function determined experimentally from gross fission product decay. Alternatively one 
might measure the activity of two similar detectors, one exposed to the known flux used for calibration 
and the other exposed to the unknown flux, at equal times after exposure. (The energy spectra of the 
two fluxes should be closely similar. ) The unknown flux would then be simply 

A cu Ct) 

*-*kT> (4 - 3:6) 

ck 

where 

k = total known neutron flux used for calibration 

A (t) = activity of detector exposed to unknown flux as measured by counter at time t 

A .(t) = activity of detector exposed to known calibration flux as measured by counter at time t 

Such a procedure is, of course, also applicable to nuclear reactions where the product follows the 
exponential decay law. 



TABLE 4. 3:1 
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Characteristics of Neutron Threshold Detectors 



Detector 



Pu 



tat 



m 



As'" 



Zr 



M 



Threshold Energy 



4 kev x 



Np» T 


750 kev 


u"» 


1.5 Mev 


S» 


3 Mev 



9. 5 Mev 



10.5 Mev 



12. 5 Mev 



React ion 

M Pu"* + ,n' - Fission products* + prompt neutrons 

Fission products* - Fission products + delayed neutrons 
+ beta and gamma radiation 

,iNp 2 " + «n* - Same as above 

K U in + in 1 - Same as above 

U S» + ,n» - „P»* + tP 1 
„P»* ".3dayB iiS »»^ t ? 

it*" + .n 1 - it l tt% * * 2 n' 
,£"• 13 *W t h Xe tM + .J 

„As™ + t n x - ,jAfl M * + 2,n* 

__ -«Se" + . t 0*(53%) 

„As M * 17. 5 days 

-*s:Ge»+ +1 ^(47%) 

„Zr M + ,n^* «Zr"* + 2,n' 
wZr «. 33 days ..vt»» + ^ 



(1) 
(3; 



Symbols used are gn 1 (neutron), t p l (proton), .,0° (electron), and+j^ 4 (positron^. 
Pu"* shielded by 2 cm of boron has a threshold energy of approximately 4 kev. 
The * is used to indicate that the atom or atoms are in an unstable state. 




Zirco nium has proven particularly useful for measuring the(flux of 14 -Mev fusion neutr ons J by 
means of. the[(nT2n) reaction which has a 12.5 Mev^threshold. [Such (n, 2n) reactions^ usually suffer 
from competition from a (y, n> reaction which yields the same activated product. This can be compen- 
sated for by exposing both unshielded and lead-shielded zirconium detectors. There are other com- 
peting reactions; to eliminate them, advantage may be taken of the characteristic positron emission of 
the zirconlumUn^ 2n) reactionary using a coincidence spectrometer, which registers only positrons. 

Arsenic (10. 5 Mev threshold) and Iodine (9. 5 Mev threshold; also depend on [(n, 2n) reactio ns j 
and suffer from (y, n) competition. They have been successfully used, however, for instance at Tum- 
bler-Snapper. 5 

Other Activation Detectors 

Not all activation detectors are threshold detectors. Certain activation detectors are used to 
determine the neutron flux below a given energy (the cutoff energy). These detectors are usually ex- 
posed to the neutron flux in pairs, one detector bare and the other shielded by a material with a sharp 
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neutron cross-section resonance to define the cutoff energy. These materials are opaque to neutrons 
with energies below the resonance but transparent to those with energies above the resonance. (The 
high cross-section materials commonly used for this purpose axe cadmium and indium. ) 

The number of active atoms in the bare and shielded detectors at time t after exposure to a 
short duration neutron flux are 



I 

*f n 



-v 

N b = e V / X(E) #E> dE 



(4.3:7) 



N s = e V / S(E) <p(E) dE 



where 

N b = total number of active atoms formed in the bare detector 

N g » total number of active atoms formed in the shielded detector 

E c = cutoff energy 

If a proper average value of the cross section £ is known for the energy region below E c , then 
the total flux in this region is ~" 

V V 

N. - ft) e (A. - A) e 
.* « _J 5 s _* £ (4.3:8) 

vf x . vs 

a 

where 

A. = activity of the bare detector 

A - activity of the shielded detector 

s 



More often the correct average cross section is not known and it is necessary to assume a value from 
which a corresponding value of the flux is calculated. 

The activation detector of this type which is of most interest and which has the best reliability 
is gold, used with and without cadmium shielding. The gold-cadmium detectors are used to measure 
thermal neutrons; the average value of the gold cross sections usually being taken as the thermal cross 
section. 

Deficiencies of Activation Detectors 



The several deficiencies of activation detectors are listed below. Not all of these deficiencies 
apply to every type of detector, however. 

1. The active isotope may be produced by competing reactions which obscure the neutron cap- 
ture reaction. 

2. The lifetime of the radioactive products may be quite short. Gold with a 2. 7-day half life 
may be taken as a particular example. 



3. Activation detectors usually employ Isotopes with cross sections which are rather compli- 
cated functions of energy. Since the flux Is usually calculated by assuming the cross sec - 
tion is constant over some well-defined energy range and zero elsewhere, the result is 
inherently Inaccurate to some degree. 

Previous to the Teapot test series, sulphur ([above 3 Mev) and gold (thermalf detectors were the 
most reliable of the activation detectors. These detectors completely miss, however, the energy 
region of greatest biological interest, which lies at about(T_Mev. The Teapot tests 1 (low yield weapons) 
successfully utilized the fission threshold detectorsjto cover this energy gap. Fission detector data on 
high yield weapons"' ^ are in a much less satisfactory state. 

Other Detector Types 



In addition to activation detectors, attempts have been made to utilize several other devices to 
detect weapon neutrons. Ionization chambers^and germanium detectors have been tried, but thus far 
without yielding fully satisfactory results. Ionization chambers can be made roughly tissue -equivalent; 
they would, in principle, then measure the dose directly in rep. One disadvantage of ionization cham- 
bers is mat they have a limited range of sensitivity and thus are useful only for neutron fluxes within a 
restricted range of intensities. 

The conductance characteristics of germanium are altered by exposure to fast neutrons, but Are 
essentially unaffected by gammas. Calibration of germanium detectors, however, is difficult. 

Neutron delivery rate data are available for only a few bursts and usually only at one sta- 
tion. 2, 3, 5, 11 Delivery rates have been studied by means of fission fragment catcher cameras and 
ionization chambers containing fissionable materials. In the camera a cellophane ribbon is passed at 
constant speed in front of a mass of fissionable material. The ribbon collects fission fragments whose 
activity at any location is proportional to the neutron delivery rate. In the ionization chamber, the 
fissionable material is usually coated on one of the plates. The fission fragments cause an ionization 
current proportional to'the rate of fission within the chaiflber and, in turn, to the neutron delivery rate. 

In either of these devices if the fissionable material is U 1 *, only the slow neutron delivery rate 
is measured, since the U 2K fission cross section is largest at low energies. If U 2n is used, the de- 
livery rate of [neu trons above a threshold energy of approximately 1. 5 Mevj is measured. The U in Is 
customarily shielded by cadmium in order to eliminate fissions in the U"" impurity which is inevitably 
present 

Although experimental data on delivery rates for intermediate energy neutrons are lacking, the 
experiments using U ZM do set upper bounds on the time of neutron arrival, since high energy neutrons 
will certainly arrive before the intermediate energy neutrons. 

4. 3. 2 BIOLOGICAL EXPERIMENTAL METHODS 

For convenience we repeat here some necessary definitions which are important to an under- 
standing of biological damage due to neutrons and of the experimental procedures for measuring such 
damage. 

A roentgen equivalent physical or rep is defined as that amount of ionizing radiation of any type 
which, when absorbed in one gram of organic tissue, will deposit 93 ergs of energy. 

A roentgen equivalent man (or mammal) or rem is defined as that amount of ionizing radiation 
which, when absorbed in mammalian tissue, will cause the same biological damage as the absorption of 
one rep of 400-kev gamma radiation. Naturally, this unit is dependent on the particular biological 
effect chosen. It may be lethality, drop in white blood cell count, weight loss of the spleen and/or 
thymus gland at the end of a specified time, whole body weight loss, cataract formation or any other 
chosen effect. Those mentioned are the most common. 

The relative biological effectiveness or RBE is defined as the ratio of the dose in rem to the 
dose in rep. The value of the RBE thus depends on the biological effect chosen and for neutrons also 
depends upon the energy spectrum. 



An example of the relationships between these quantities may clarify their meaning. A Bpecific 
biological effect of a given neutron dosage Is found to be the same as that from 150 rep of 400-kev 
gamma rays. The biological neutron dose is men known to be ISO rem. If the physical neutron dose 
Is known to be 100 rep, the RBE is 1. 5. 

The biological dosimetry experiments 1, **» "• 14, 15 which have been conducted at the various 
bomb tests have generally used mice for reasons of convenience. (Other animals such as monkeys, 
dogs, hamsters, rabbits, etc. , have also been used on occasion. ) The biological effects chosen for 
study included weight loss of the spleen and/or thymus after 5 days, the drop in the white blood cell 
count, the whole body weight loss, and the survival time (for doses in the eupralethal range). Spleen 
and/or thymus weight loss experiments using mice produced the most consistent and easily inter - 
pretable results. For illustrative purposes these experiments will be described below, although the 
methods discussed could be applied to any other experimental animal and chosen biological effect. 

The mice were exposed at ground level beneath 7 in-thick lead hemispheres. The lead served 
to shield out gamma radiation which in most cases would have contributed the larger dose. (The use of 
the shields still does not provide completely clear-cut results, since lead degrades the incident neutron 
energy spectrum. In addition, there is a residual gamma dose inside the hemispheres due to gamma 
rays generated in the lead by the inelastic scattering of fast neutrons. ) Together with the mice, acti- 
vation detectors were placed under the lead to allow determination of the neutron dose in rep. Finally 
the relationship between gamma dose in rep and biological damage was determined by exposing mice of 
the same genetic and physical characteristics to known doses of 400-kev gamma rays. The animals 
were sacrificed and the spleen and thymus weight loss measured. 

A comparison of the 400-kev gamma dose (in rep) and the neutron dose (in rep) which each pro- 
duced the same spleen -thymus weight loss yields the neutron dose (in rem). This is simply equal 
numerically to the 400-kev gamma dose (in rep). The RBE is then the ratio of the neutron dose (in rem) 
to the neutron. dose (in rep). 



4.3.3 EXPERIMENTAL RESULTS 
Fission and Boosted Fission Weapons 



Early work 1 '*, 13, 14 on fission and boosted fission test bursts used sulphur and gold activation 
detectors. The experimental results were highly scattered and exhibited some logical inconsistency in 
the correlation ef biological dose with the results of the physical measurements. 

The work of Harris 1 at the Teapot test series, if it proves to be reproducible, will have re- 
solved many of the questions raised by the earlier results. For fission and boosted fission weapons, 
his work has experimentally established in variance of the shape of the neutron flux energy spectrum 
with distance from the point of burst and within the energy range of interest. Thus, this invariance 
does not include thermal neutrons and probably not thefl4-Mey neutrons from fusion in boosted fissjoj^ 
weapons. For an Invariant energy spectrum the dose (in rep) is proportional to the total flux in any 
arbitrarily specified energy range Independent of distance. (The fact that the thermal flux is not in- 
cluded in this invariance is not overly Important since^as will be demonstrated below, its contribution 
to the total dose is relatively small. Similarly, the fl^ Mev neutrons from boosted fission weapo ns^) 
while individually quite damaging, are not present in sufficient number to make an Important contribu- 
tion to the total dose. ) The spectral invariance has been demonstrated to hold from 200 to 1500 yd for 
Teapot tower shots. There would appear to be no obvious reason why it should not hold for larger 
distances as well. 

The physical measurements of flux were made using gold, Plutonium, neptunium, uranium, and 
sulphur activation detectors. Semilog plots of R : # as a function of R for each of these detectors except 
gold were very satisfactorily parallel. 

Table 4. 3:2 presents recommendedValues of the factors used to convert the neutron flux within 
specified energy ranges to dose (in rep). For convenience the limits of the energy ranges chosen 



correspond to the energy limits of the pertinent activation detectors from thermal energy (gold) to 
12.5 Mev (zirconium). These conversion factors were computed theoretically from first collision 
theory. 

From these conversion factors and the flux measurements from the appropriate activation de- 
tectors, Harris was able to compute, as a function of distance, the dose (in rep), both total and within 
the specified energy ranges. 

It is seen that for [fluxes of the same order of magnitude the thermal neutron dose (in rep) may 
be neglected in comparison to the higher energy dose. Thus, to produce a dose of a given number of 
rep requires a thermal neutron flux about 20 times as large as the Pu-Np flux( 4 kev to 0. 75 Mev) and 
55 times as large as the S-Zr flux (3 to 12. 5 Mev). In general the thermal flux resulting from a bomb 
burst is comparable in magnitude to the total non- thermal flax 1 and the dose due to thermal neutrons 
can therefore be ignored!! 
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TABLE 4. 3:2 




Neutron Flux-Dose Conversion 


Factors 1 






Conversion Factors, 


Neutron Energy Range 


Detectors 


rep-cm'-neutron - * 
2.9x10"" 


Thermal 


Gold 


4 kev to 0. 75 Mev 


Pu w -Np" T 


1.0 xl0-» 


0. 75 Mev to 1. 5 Mev 


Np" T -U'» 


2.5 xKT* 


1.5 Mev to 3.0 Mev 


u*»-s" 


3.2 xlO- 1 


3. Mev to 12. 5 Mev 


S^Zr" s 


3.9 xlO" 1 


> i2. 5 Mev 


Zr» 


6.5 xlO"' 16 



1 



Zirconium detectors^l2. 5-Mer threshold), customarily used to measure the 14 -Mev neutrons 
from fusion^were not employed at Teapot. Therefore, the energy distribution of neutrons above 3 Mev 
from boosted fission weapons and the variation of this distribution with distance was not observed at the 
Teapot series. However, previous test data have invariably shown the apparent mean free path for 
zirconium neutrons to be shorter than that for the correspandingQuJphur neutrons'* and thus spectral 
invariance is notexpected to hold for the portion of the spectrum due to 14-Mev fission neutrons in 
boosted weapo nsTJTh e number of these high energy neutrons Is small compared to the number of fission 
neutrons and tfieir effect Is not expected to be significant^ 

Along with the physical measurements made at Teapot, the biological damage of bomb neutrons 
to mice under lead shields was measured In terms of rem (spleen-thymus weight loss criterion) by the 
methods described in Section 4. 3:2. Then, knowing the neutron dose as a function of distance in both 
rem and rep, the mouse spleen-thymus RBE was determined. 

Previous experimental studies on the biological effects of radiation have established the follow- 
ing basic facts on the relationships between physical and biological dose due to neutrons and gammas. 

1. Any specific biological effect, such as mouse spleen-thymus weight loss, increases mono- 
tonically with both neutron and gamma doses. 

2. The biological damage, measured by any specific criterion, for a given gamma dose is 
approximately independent of the gamma energy spectrum for all energies greater than 
100 kev. This situation does not hold for neutrons where, for a given neutron dose, the 
biological damage does vary wi *h the neutron energy spectrum. 



3. In general, a given neutron dose (In rep) does not do the same amount of biological damage 
as a numerically equal gamma dose (in rep). Of course the given value of the neutron doge 
may remit from a wide variety of neutron spectra but the non-equality of biological damage 
due to an equal dose of neutrons and gammas appears to hold for all bomb neutron spec- 
tra of interest. 

4. For any constant neutron spectrum the neutron dose (in rep) which produces a given amount 
of biological damage, using any specific damage criterion, is proportional to the gamma 
dose (in rep) which produces the same amount of biological damage; The factor between 
neutron and gamma dose (in rep) appears to remain constant over the entire sublethal and 
lethal dose range. 

5. The RBE for neutrons is defined as the neutron dose (in rem) over the neutron dose (in 
rep). Further, the neutron dose (In rem) Is equal to the gamma dose (In rep) which does 
the same biological damage. Thus from (4) the neutron RBE for specific biological effects 
and for a constant neutron energy spectrum is constant within the sublethal and lethal dose 
range. 

The results of Harris at Teapot are consistent with the paragraphs above. For the ^boosted 
weapons testedjand therefore for the particular approximately invariant ^eutron energy spectrum 
associated with unboosted fission weapons)/ the mouse spleen-thymus RBE was found to be quite con- 
stant and equal to 1. 7, over the dose range 100 to 1,000 rem.* (As pointed out later, this is not the 
value recommended for human use. ) This value is considerably lower than the values S to 20 in other 
experiments and for other damage criteria, particularly cataract formation. As the dose increases 
into the supralethal range, the value of the RBE decreases. Thus at 10,000 rem the mouse spleen- 
thymus RBE seems to drop to about 1. 2 and at still higher supralethal doses It drops to as low as 0. 6 
in some cases. The implication seems to be that some sort of saturation effect occurs for supralethal 
doses. a, 

The TeapQlserles Included] I The spec- 

trum from thesq boosted weaponsJyasBomWfflWn^fflWr^^^n^MWBTe^KBSTOiWreap CT is ^ see 
Section 4.7). The effect of the difference in spectrum Is probably not large, however, and the mouse 
spleen-thymus RBE forfboosted fission weaponsls thought to be only slightly different than that for{un- 
[boosted fission weapons .J 

The RBE depends not only on the damage criterion but also on the mammal involved. Extra- 
polation of mouse spleen -thymiu data to man Inevitably involves serious approximations. One im- 
portant consideration in such extrapolation is the self-shielding property of large bodies. A mouse is 
essentially a thin film for neutrons but man's internal organs are somewhat protected by the thickness 
of his outer surfaces. For this reason the use of 1.3 as spleen-thymus weight loss RBE for man is 
recommended. 16. 17 

Other organs, the eye for instance, may be more sensitive to neutrons and the RBE for cataract 
formation is larger. The RBE of 1. 3 is, however, recommended for acute response to neutron radia- 
tion in situations of military operational significance. 

Several other results of the Teapot experiments are worth noting. 

1. Activation detectors were placed both inside and outside the lead shields used to protect the 
mice from gamma rays. The neutron dose (in rep) inside the shields was found to be 50 
percent of that outside. 

2. The gamma dose (in rep) inside the shields was only 7 to 10 percent of the total dose and 
thus did not interfere appreciably with interpretation of neutron damage. 

3. The gamma dose inside the shield was shown to result from inelastic scattering of neutrons. 
This was indicated by the fact that the gamma dose within the shield decreased with dis- 
tance from the point of burst with an apparent mean free path characteristic of the bomb 
neutrons rather than of the bomb gammas. (The bomb gamma apparent mean free path is 
considerably longer than that for bomb neutrons. ) 



4. When the neutron dose is below the saturation level, the neutron and gamma radiation doses 
(both in rem) appear to be additive to within the limits of experimental error. It may be 
presumed that there is also a saturation effect for gammas somewhere in the high dose 
region and that the Teapot gamma doses were below this level. There is little experimental 
evidence available on this point. 

5. The value of 700 + 160 rem is recommended as the neutron LQu dose for mice. (LDjj is 
the dose which will be fatal to 50 percent of the irradiated population. ) This number is the 
subject of some controversy and must be considered uncertain. (See Section 2. 4. 1). 

Of the several Teapot test results the one of most significance would appear to be the invariance 
of the flux energy spectrum with distance. This result represents a very important simplification in 
the prediction of neutron dosage. At the present time, however, the principle of spectral invariance 
should be regarded as tentative since it is possible that eventual improvement of the measurements may 
destroy the simplicity of the concept and thus increase the complexity of neutron dose calculations. 

In the following sections, the principle of spectral invariance will be used to the fullest extent 
and will be assumed to hold for all distances. Further, the Teapot results in general will be used as 
the basis for calculation of&eutron doses for all fission and boosted fission weap onsT^ Thls seems to be 
the most reasonable approach to take in the light of our present understanding. 



Fusion Weapons 






Present evidence seems to indicatetiiat the spectral Invariance of the jneutron flux does not 
apply to high yield (thermonuclear) weap ons!] ? The Teapot tests did not Include any fusion weapons and 
existing data**, * u for such weapons are much less complete and consistent than for the Teapot series. 
The phenom etiological approach of Brode 1 " will be followed in the treatment of fusion weapons. 



4. 4 FLUX-DISTANCE RELATIONS 



There is at present no single theoretical or empirical flux-distance relation which treats all 
weapon designs and the entire neutron energy range. Relations which hold for one weapon type and 
energy range do not necessarily hold for another design and energy range. It is necessary, therefore, 
to analyze each class of weapons and its associated neutron characteristics separately; this is the 
approach that is followed below. Both theoretical arguments and experimental results are used in 
deriving the several flux-distance relations but In all cases their approximate nature should be fully 
appreciated. 

The variation in neutron behavior for different weapon types results from the very wide spread 
of possible neutron energies. Thus, the highest energy Neutrons are at about 14 Mev and result from 
the fusion reac tion?} Most of the (fission neutrons emergeTrom the weapon in the range between about 
4 Mev and 1 kevTThese relatively high energy neutrons then slow down as a result of collision with 
the surrounding media and are eventually captured. A large number of (neutrons are slowed down all 
the way to thermal energy (about 0. 025 ev) and diffuse at this energy before captureJfThus the ratio of 
high to low neutron energy at a given receiver may be as large as lO 8 ^ 

The actual neutron spectrum and flux at the receiver are strongly dependent on the neutron 
characteristics at the source and, therefore, on th e weapon design. The speci fic design characteristics^ 

of importa nce are the total yields ____ 

^ and the neutron attenuation produced by the weapon components. The differences betw een 
le flux-dist ance relations given in this section are more probably caused by 

\ and In the neutron attenuation due to weapon components than by variations in the weapon 
yield. The first two factors determine the energy spectrum of neutrons emerging from the weapon. 
The only effect of variation in thefweapon yield (in the absence of the blast wave or hydrodynamic effect 
on the attenuating media-see Section 4.0} is a corresponding linear variation in the intensity of the 
neutron flux J r 
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Id the treatment that follows, [flux-distance relations are presented for fission/boosted fission 
and fusion weaponfT^eparately. Further, an additional broad classification is made on the basis of 
neutron energy, Neutrons are considered to be thermal (those measured by gold detectors) and non- 
thermal(ta»e measured by plutonium or higher threshold-energy detectors). This distinction is made 
because of the major differences in the behavior of thermal and non-thermal neutrons and because of 
the negligible thermal neutron contribution to the dose (in either rep or rem). In fact, the flux-distance 
relations for thermal neutrons are of little practical Importance and are presented primarily for 
completeness and because they have in the past been useful for analyzing results from the older-type 
fission weapons. No flux-distance relation le presented for thermal neutrons frbm fusion weapons. 

4. 4. 1 NON-THERMAL NEUTRONS FROM FISSION AND BOOSTED FISSION WEAPONS 

For fission and boosted fission weapons, and those with thick and thin high explosive casings, 
the neutrons that determine the character of the biologically important portion of the flux are those that 
start from the point of burst in the Mev range and reach the receiver before slowing down to thermal. 
Analysis of weapon test results indicates that to a reasonably good approximation the flux-distance 
relation for these (non -thermal neutrons from fission and boosted fission weapons can be represented 
by an equation of the form resembling that used for unscattered neutrons from a point source?/ 

The flux of unscattered neutrons from a monoenergetlc point source in an infinite homogeneous 
medium and integrated over all time, is given exactly by 



-H t R 



4»R* 



(4.4:1) 



where 



S = 
R = 



source strength, total number of neutrons produced 

distance from source to detector 

total linear attenuation coefficient for neutrons at the source energy 



Similarly, the total non-thermal neutron flux (scattered and unscattered) from the polyenergetic 
source of weapon neutrons, again in an infinite homogeneous medium and integrated over all time, has 
been found to be given approximately by 
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(4.4:2) 



where 

(i "= apparent linear attenuation coefficient 

x = apparent mean free path. 

The value of n may be considerably smaller than that of ^. It may be useful to think of Eq. 4. 4:2 in 
terms of the buildup factor discussed In Chapter 3. The buildup factor for non-thermal neutrons from 
fission and boosted fission weapons is then 



-((i - d t )R 



a form which has some theoretical Justification.*' 
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Despite the tact that Eq. 4. 4:2 Is only an approximation, when appropriate values of S and *i are 
empirically chosen for the particular circumstances, it fits experimental non- thermal flux -distance data 
over a wide range of conditions; semi -log plots of R*$ as a function of R usually give good stratghtline 
fits. Eq.. 4.4:2 fits both fission and boosted fission results and farther both thick and thin casing 
weapons of each type. This appears to be true even though what information is available shows a wide 
spread of neutron energies from these weapons and some variation in the energy spectra between types 
(see Section 4. 7). 

As pointed out in Section 4. 3:1 non-thermal neutron flux measurements are usually made with 
threshold activation detectors. This type of detector measures the total flux above a prescribed thres- 
hold energy. The agreement of Eq, 4. 4:2 with experimental results seems to hold not only for the total 
non -thermal flux but also for the portions of the flux above the Individual threshold energies. 

~ There are some circumstances in which Eq. 4. 4:2 does not appear to hold. Thus, it has been 

noted previously that it does not apply to thermal neutrons. It also does not seem to fit the very high / 
energy (14-Mev) fusion neutrons. Finally it should not be used for distances too close to the source / 
point, since it holds best for measurements at some distance, that is for uR » 1. ^**** 

Some experimental data for non-thermal neutrons have been analyzed using a summation of 
several terms 6 such as given in Eq. 4.4:2 but with different values of S and u in each term. The 
several terms then represent different neutron energy groups. Such superpositions can usually be 
approximated well enough by the single term of Eq. 4. 4:2 with average values of S and u characteristic 
of the entire spectrum. 



4. 4. 2 NON-THERMAL NEUTRONS FROM FUSION WEAPONS 

Fusion weapons produce large numbers of 14-Mev neutrons from the DT reaction. Because of 
their high energy and abundance as compared to flsstonnieutrons (with an average energy of about \ 

1 Mev), these 14-Mev neutrons characterize the flux of biological importance for fusion weapons. 

The few neutron flux measurements that are available from fusion weapons are only poorly fitted 
by Eq. 4. 4:2. The reasons for this difference in behavior are not definitely known but several pos- 
sibilities can be suggested. Up the higher energy range (above 5 Mev) inelasttcjscattering Is likely to 
be an important mechanism for neutron slowing-down, while for fission neutrons elastic collision is 
the primary mechanism. Inelastic collisions will degrade neutrons in energy much more rapidly than 
elastic collisions and change the flux-distance relation correspondingly. 

Also, Eq. 4.4:2 is known to be a poor approximation for small values of iM, even for fission 
neutrons. Since fi generally becomes smaller atlaxgeffieutron energies 5 ' ®> 1 ^ deviations from Eq.4. 4:2 
at any fixed R are expected to be greater for the case of thermonuclear weapon bursts with their large 
14-Mev component. Finally, the blast wave or hydrodynamic effect, if it is significant, would be 
greatest for the fusion (high yield) weapons , whereas its effect would be much less and probably negli- 
gible for the low and intermediate yield fission and boosted fission weaponsT7 

A revised relation which better fits experimental data from the Castle series of fusion weapon 
tests has been devised empirically by Brode. 18 ^— -1 
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where the constants m, /j, and Rj are adjusted to fit the experimental results. This equation has the 
special property that 
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Experimental results Indicate that the apparent mean free path far short distances (Xj) is con- 
siderably longer than that for large distances (X). 1 



4.4.3 THERMAL NEUTRONS FROM FISSION AND BOOSTED FISSION WEAPONS 

As previously noted, thermal neutrons are of less Interest that the higher energy neutrons. * 
Nevertheless, a relation for thermal neutrons from fission andjbooated fission weapons^ sometimes 
used to analyze radiation effects. The relation usually used gives the flux as a function of distance 
fro m a point source of monoenergetlc non- thermal neutrons which slow down, tn an infinite homogeneous — , 

~ medium, according to Fermi age theory. By a simple Integration the thermal flux may be shown to J 

be 2 ' 20 ) 
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where 

er 



X -V 2 
e dy (x and y serve only to define the erfc function) 



S = source strength, total number of monoenergetlc non-thermal neutrons produced 

t = average Fermi age at which the non-thermal neutrons either become thermal or are 
captured 

d = diffusion coefficient for thermal neutrons 

K = reciprocal of the diffusion length for thermal neutrons. 

For R » Kt and R » /t this simplifies to 
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Equations 4.4:5 and 4.4:6 have been most useful in gaining an understanding of thermal neutron 
flux measurements due to bursts of the older -type fission and boosted fission weapons. 21 They should, 
however, be applied with great caution to the most recently designed fission/boosted fission weapons. 



The thick explosive casings of the older type weapons degraded most neutrons to energies ap- 
proaching those characteristic of bomb thermal temperature (1 kev). Thus, the major source of ther- 
mal neutrons is very crudely monoenergetlc and of relatively low energy. For low energy neutrons 
the distance traveled while diffusing at thermal energies is significant compared to the distance trav- 
eled while slowing down to thermal. Under these circumstances the (ther mal neutron flux should fol- 
low Eq. 4. 4:5 or 4. 4:6 for small and medium distances from the source. I 



The newer weapon designs, on the other hand, have thin casings and the emerging neutrons are 
spread over a wide energy range. They are, on the average, of higher energy, therefore, and travel a 
short distance while diffusing ac compared to the distance traveled while slowing down. Most of the 
neutrons may be expected to penetrate the high explosive casing while still fast and to remain fast 
through the intervening air until they are close to the point of capture. (The neutron mean free path is 
longest at high energy). They then suffer their first collision, slow down to thermal, and are captured, 
all in the close vicir.ity of the point of first collision. The spatial distribution of the thermal neutron 
flux should then follow* that of the ^on-t hermal flux (Eq. 4. 4:2) and Eqs. 4. 4:5 and 4. 4:6 do not seem 
applicable, particularly at any appreciable distance from the source. If Eq. 4. 4:5 or Eq. 4. 4:6 applies 
at all in these circumstances, it would apply only for distances relatively close to the source^ 

The common practice of analyzing thermal neutron flux data by the use of semi-log plots of R<t> 
rather than R : «, therefore, seems debatable at least in some cases, 22 i. e. , for fission weapons with 
thin high explosive shells and at large distances from the point of burst. 

4. 4. 4 EFFECT OF VARIATIONS IN ATMOSPHERIC DENSITY AND HUMIDITY 

The atmosphere is not, of course, as assumed for the flux-distance relations given above, an 
infinite homogeneous medium. Atmospheric density and humidity both vary with position and both 
characteristics affect the neutron attenuation properties. 

Air density varies roughly exponentially with altitude. The preceding relations remain good 
approximations in spite of this variation if, as in Chapter 1, factors like e."** are replaced by ap- 
propriate average values. 
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Also since 

H = PH« (4.4:8) 
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where 

U = apparent linear attenuation coefficient for air 

^ = apparent linear attenuation coefficient for air at density d, 

jl = average apparent linear attenuation coefficient for air between pointof burstand receiver 

y = air density expressed in units of do 

p = average air density between point of burst and receiver, expressed in units of d„ 

d, = density of pure dry air at standard conditions (1.293 x 10' 1 gm-cm"'; 

Methods of calculating p have been described in Section 1.8. Taking the variation of air density Into 
account Eq. 4. 4;2 then becomes 
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where 

X^ = apparent mean free path for neutrons in air at standard conditions 

Similar substitutions can be made in the other flux-distance relations. 

The composition of air also varies but to a lesser degree. While the ratio of oxygen to nitrogen 
content remains fixed, the relative concentration of water vapor may vary considerably from point to 
point. This is of some small importance in the slowing down and diffusion of neutrons. The properties 
of moist air differ from those of dry air because of the hydrogen content of water, a collision with hy- 
drogen involving a much larger energy loss than collisions with either oxygen or nitrogen. 

The equilibrium vapor pressure of water at 30°C (IDITFj is, however, only about 50 mm of 
mercury or 6. 6 percent of standard atmospheric pressure. This represents 100 percent relative 
humidity; in most cases the relative humidity and, therefore, the water vapor content are considerably 
less. Approximate estimates have indicated that, under typical conditions at sea level, water vapor 
changes the apparent mean free path of neutron radiation by only about 2 percent. Thus, at least at sea 
level, water vapor plays a minor role, and may usually be neglected. At higher elevations this may 
be less true. 

The interpretation of present experimental data is that perturbations of the flux due to atmo- 
spheric water vapor content are much less than the errors in the measurements themselves. The 
effect of water vapor content will, therefore, be neglected. 

4,4.5 SCALING RELATIONS FOR VARIATION^ AVERAGE QUIESCENT 
AIR DENSITY AND WEAPON YIELD 

Experimental data from weapon test bursts cannot be applied directly to situations fax different 
than those of the original test. They cannot be applied, in particular, to situations where the average 
quiescent air density between the point of burst and the receiver varies markedly from that of the 
original test, When the data are fitted to flux-distance relations such as Eqs. 4. 4:2 to 4. 4:6 they can, 
however, be scaled for such variations. This is possible because the attenuation coefficients and 
similar quantities appearing in the several flux-distance equations are either directly or inversely 
proportional to air density. 

d = - dj 
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/ Thus, for the non-thermal flux from fission and boosted fission weapons £q. 4. 4:10 applies / 
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Since p and R are the only variables on the right aide of the equation and they appear only as the product 
pR, 
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Therefore, if the quantity <£RVs Is known for some distance R 1 and average density p lt then the same 
value of <>R 2 /S holds for any other density p t and distance R,, (but for the same value of S; chosen such 
that 
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The same relation restated is 
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Eq. 4. 4:13 Is then the scaling relation required for transferring not the flux, but rather the 
quantity <t>R 2 /S, to other air densities. The flux Itself can be scaled for different air densities by the 
following relation which is clearly identical to Eq. 4.4:13 
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These same equations will also hold for scaling the thermal flux thick casing fission weapons. 
Only slight modification of Eq. 4.4:14 is required to obtain the scaling relation for the non-thermal 
flux from fusion weapons. This modification is 
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where 

PiRt - Pi*i 

Pi R ii = Pi R i2 

It may also be desired to scale to different weapon yields as well as for different air densities. 
Since the yield W is proportional to the source strength S, Eqs. 4. 4:14 and 4.4:15 can be generalized 
giving 
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Eqs. 4. 4:14 through 4. 4:17 are useful for relating burst situations which are characterized by 
the same type of empirical flux-distance relation. They will not properly scale between situations 
which are best described by different flux-distance equations. 

With this reservation these scaling relations should apply independent of the change in weapon 
If in the future they are found not to agree with experimental results for high yield weapons, it 




Is most probably because of the perturbation of the attenuating medium (the hydrodynamlc effect). At 
present this effect is not thought to be a significant factor for neutron radiation although further and 
more conclusive study is certainly needed. 

4. 4. 6 MAJOR DEFICIENCIES IN FLUX-DISTANCE RELATIONS 

The flux-distance relations presented above, although quite useful, remain limited by their 
empirical and approximate nature. Certain reservations in their application should be noted and some 
of the most important of these are listed below. 

1. In nearly all realistic situations the ground surface plays an Important role, even if the 
point of burst or the receiver is not actually at the surface. The ground or water medium 
both scatters and absorbs neutrons differently from air, and this difference may greatly 
affect the scattered dose. The importance of the second medium as a sink for neutrons as 
compared to its importance as a reflector depends on several factors. In general it may 
be expected to act primarily as a reflector at distances close to the neutron source. The 
second medium will thus increase the flux close to the Interface over the free air flux. At 
large distances from the source, however, the second medium would be expected to behave 
primarily as a sink and reduce the flux below the free air value. A very low order approxi- 
mation to the proper flux at or near the media Interface can be made by multiplying the free 
air flux by a constant chosen so as to fit experimental results. This factor probably lies 
between the values of 0. 5 and 2. 0. 

2. The approximate nature of the flux-distance relations makes the problem of scaling from 
one set of circumstances to another difficult and uncertain. This is particularly true for 
scaling from low to high altitudes. The distances of operational significance for high 
altitudes are equivalent to the distances close to the burst point at low altitude. It is at 
these short distances that the measured doses show the greatest departure from the point 
source exponential relationship upon which the scaling relations are based. 

3. The non -homogeneity of the attenuating media has not been fully considered. Normal 
variations in atmospheric density and humidity have been discussed previously. However, 
the blast wave perturbation of the atmosphere and the removal of the high explosive shell 
may have an effect on the delayed neutron flux and possibly even on the prompt thermal 
neutron flux. A detailed examination of the time behavior of the neutron delivery rates is 
necessary to resolve this question. (A discussion of neutron delivery rates is presented in 
Section 4. 8. ) 

4. 5 DOSE-DISTANCE RELATIONS 



In this section are presented those results which are directly usable in predicting neutron doses 
(in rem). These results are given as separate sets of curves for fission/boosted fission, and thermo- 
nuclear weapons, together with associated tables. Illustrated problems are provided to demonstrate 
proper use of these curves and tables. Finally a general discussion of the dose-distance relations and 
their origins Is presented. 

4. 5.1 CALCULATION OF TOTAL NEUTRON DOSE 
Calculation Based on Weapon Type and Yield 

The dose-distance relations are given in the form of a family of curves of the total neutron dose 
D, divided by the weapon yield W and by two constants, kj depending on the weapon type and k, depending 
on the receiver environment. The term D/kjkgW is given as a function of the slant range R, from the 
point of burst to the receiver, with the average air density p between the source and receiver as a 
parameter. The dose (in rem) is based on the use of an estimated RBE for damage to the human 
spleen-thymus which, in turn, is derived from experimental mouse spleen-thymus data. As previously 
noted (see Sections 2.3 and 4.3.3) the spleen-thymus RBE is taken to be equivalent to the RBE for acute 
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Fig. 4.5,1 Neutron Dose as a Function of Distance for Fission and Boosted Fission 
Weapons . 



response in situations of military operational significance. Therefore the biological doses calculated 
below should also be taken as based on acute response, at least until better data become available. 

Figure 4. 5:1 presents curves suitable for fission and boosted fission weapons while Fig. 4. 5:2 
presents corresponding curves for fusion weapons. Table 4, 5:1 shows, for a variety of£boosted and 
unboosted fission weapons, the empirical formulas upon which the dose-distance curves arebased and 
the corresponding values of kj^RThe value of k, for fusion weapons is taken to be l.o/jl The table fur- 
ther describes the weapons_aA regards their general_type and, where available^KiveBuie thickness jjf 
their high explosive shell. 
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Fig. 4. 5:2 Neutron Dose as a Function of Distance for Fusion Weapons 



would be expected to differ from that for an equivalent 




The values of kj given in Table 4.5:1 are based on weapons previously tested. 1 ' *6 For cases 
where the weapon of interest is listed, the value of kg may be selected directly. For future or unlisted 
weapons k$ should be estimated by comparison with the most similar listed weapon types. 



#je- )20 it ckkki. 



127 



Table 4. 5:2 gives values for the factor k« aB a function of the environment of the receiver 

Table 4.5:3 lists estimated probable error factors in the dose; these values represent the 
best present judgment of the authors. The probable error factors are Intended to include both the in- 
adequacies of the equations used to represent the dose-distance relations and the uncertainties in the 
constants used In these equations. The probable errors are given for receiver distance of 500 and 6000 
yd and for bursts in standard atmospheric air (p * 1.0) and in vacuum {p = 0). An error factor should 
be interpreted in the following way. If the error factor Is three, the probability is 50 percent that the 
proper value of D is less than one third or more thantnree times the value obtained by use of Figs. 4.5;1 
and 4. 5:2 and Tables 4. 5:1 and 4. 5:2. 



TABLE 4. 5:2 
Receiver Environment Factors (k,) for Dose-Distance Calculations 



Receiver Environment 



On or within 10 ft of the ground surface 
On or within 10 ft of the surface of the sea 
In free air 



1.0 
0.7 
1.5 



TABLE 4. 5:3 
Probable Error Factor in Dose-Distance Calculations 



(1) 



Weapon Type 



P 



U 



Unboosted fission 
Boosted fission 
Fusion (thermonuclear) 



~1 



Probable Error Factor 



R = 500 yd 


R - 6000 yd 


p = p = 1.0 


p = p*1.0 


3 2 


6 4 


3 2 


6 4 


8 5 


15 10 



(1) It is estimated that the probability Is 50 percent that the" computed dose 
is too large or too small by more than this factor. 



Calculatio n Based on Sulphur Neutron Flux 

The principle of spectral in variance of the neutron flux* established at Teapot permits direct 
conversion of sulphur neutron flux to total physical dose {in rep) or to biological dose (in rem) for foil- 
boosted and boosted fission weapons!] Such a calculational procedure may be useful In very rough cal- 
culations. ~~^ 

Factors for convertlng{sulphur neutron fluxes to physical dose (in rep) may be calculated from 
the values of sulphur neutron dose as a percentage of the total dose listed in Table 4.JU for three ma- 
jor weapon types and the conversion factor for the S-Zr neutron flux from Table 4.3;2J 
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Using the RBE values derived from the work of Harris 1 * 1 "' 17 the physical dose (in rep) can be 
converted to biological dose (in rem) . The value recommended for acute response of humans to^ffsslon 
weapon neutrons is 1.3 rem-rep^y It may be assumed, as a low order approximation that this RBE 
value also holds forfboosted fission weapons! Table 4,5:4 presents the several conversion factors for 
thefthree fission and boosted fission weapofiffjfor which some spectral information is available. 

The classification of weapon types into only three categories Is most certainly Incomplete and 
is subject to future extension. In general the accuracy of the conversion factors Is rather poor, as a 
result of our limited knowledge both of the energy spectrum and of its variation as a function of weapon 
design. 

The values In Table 4.5:4 should not be confused with the entries In Table 4.3:2. The latter 
gives the partial dose (in rep) due to neutrons in a specified energy range. The conversion factors lis- 
ted In Table 4. 5:4 give the total dose (in rep and rem) due to all neutrons. 

Since the principle of spectral invariance has not been extended to fusion neutrons, Table 4. 5:4 
should not be used to determine the total dose from fusion weapons. 



TABLE 4.5:4 
Factors for Conversion of Sulphur Neutron Flux to Total Dose 

Conversion Factors 



Weapon Type 



/ Unboosted fission weapon J 
with thick casing 

Unboosted fission weapon 
with thin casing 



Boosted fission weapon 



J 



To Physical Dose, 
rep-cm 1 - 
neutron 


To Biological Dose for 
Human Acute Response, 

rem-cm 2 

neutron 


10 x 10"' 


13 x 10** 


5 x 10"» 


7 x 10"* 


3 x 10"' 


4 x 10-* 



PROBLEM 1 



A nuclear weapon of known type and yield is exploded in a given environment. The distance from 
the receiver to the point of burst, the receiver environment and the average air density Qin units of 
1. 293 x 10 _l gm-cm -J ) between the points are also given. It is required to determine the total neutron 
dose at the receiver?! 



Solution 



1. From Fig. 4.5:1 or Fig. 4. 5:2 (whichever is appropriate) read the value of D/k,k|W for the 
given distance R from point of burst to receiver and for the given average air density p. 

2. From Table 4. 5:1 read the value of k| for the weapon type exploded. 

3. From Table 4. 5:2 read the value of k| for the environment of the paint at which the dose is 
being computed. 



4, Form the product 

" - (lEKw) 1 ** 
where W Is the yield 1b KT. The number D la the total neutron dose In rem. 



Example 

A 5-KT,H ^eapon Is exploded at the ground surface. It Is required to determine the total 
neutron dose at a point 2000 yd distant, also at the surface. The average air density p between the 
points is 0. 9, In units of standard atmospheric density. 

1 . For R = 2000 yd and p - 0. 9, Fig. 4. 5:1 gives 

D - 6.0x10"* rem-RT' 1 



2. For a^ weapon, from Table 4.5:1 

k, - 6.15 

3. When the point at which the dose is desired Is on the surface, from Table 4. 5:2 

k, - 1.0 

4. We compute, for a yield W of 5 KT 

D -U^)&*W - (6.0x10"') (6.15) (1.0) (5.0) 

D ■ 1. 8 rem 
The total neutron dose at the required point Is 1. 8 rem. 



PROBLEM 2 

A nuclear weapon of known type and yield Is exploded in a given environment. The average air 
density In the vicinity of the burst and the receiver environment are also given. It Is required to de- 
termine the horizontal distance at which the total neutron dose drops below a specified value. 



Solution 



1. From Table 4. 5:1 read the value of k, for the weapon type exploded. 

2. From Table 4. 5:2 read the value of k, for the environment of the point at which the dose Is 
to drop below the specified value. 

3 . Form the quotient 



k^W 
where D is the specified total neutron dose (In rem) and W Is the yield (In KT). 
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SECRET 

4. From Fig. 4. 5:1 or Fig. 4. 5:2 (whichever is appropriate) for the computed value of D/kjk,W 
and the given value of the average air density p, read the distance R at which the total neu- 
tron dose drops below D rem. 

Example 

A 5-KT,^ ^veapon 1b exploded over the surface of the sea. The average air density at sea 
level Is 1. 0. It is required to determine the horizontal distance at which the total neutron dose D drops 
below 200 rem. 



1. From Table 4.5;1 for fl ■weapon 

k, =• S.15 

2. From Table 4. 5;2, when the point at which the dose Is desired Is over the surface of the sea, 

k, - 0.7 

3. For a dose D of 200 rem and for a yield W of 5 KT we calculate 

l^W " (6.15) (0.7) (5.0) * *' 3 "^"^ * 

4. For an average air density p of 1. and for the above value of D/kjk^W, from Fig. 4. 5:1, 
R = 1000 yd. Beyond this distance the total neutron dose will be less than 200 rem. 



PROBLEM 3 

The neutron fluxdue to the explosion of a fission weapon is known, as read by a sulphur thresh- 
old detector at a given point. Find the total neutron biological dose (in rem) received at the point in 
question. 



Solution 



1. From Tabie4.5;4 read the conversion factor from sulphur flux to the biological dose for the 
weapon type exploded. 

2. Multiply this value for the conversion factor by the sulphur neutron flux. The product is the 
biological dose (in rem) . 



Example 

A thin casing, unboosted fission weapon is exploded and produces a sulphur neutron flux of 10 s 
neutrons-cm -2 at the receiver. Find the corresponding total neutron dose (in remj. 

1. From Table 4.5:4 the value of the flux-dose conversion factor is 7 x 10" 8 rem-cm^-neutron -1 . 

2. The total biological neutron dose is then 

D = (10*) (7 x 10-') = 70 rem 



4. 5:2 DISCUSSION OF DOSE -DISTANCE RELATIONS 
] Fission and Boosted Fission Weapons 

The curves and tables given in Section 4. 5:1 for [fiss ion and boosted fission weapons kre based 
heavily on the Teapot test results of Harris 1 although attenEton has also been paid to prior experimental 
work. '» 7 » 8 * 11 » 12 > l3 « 14 ' 22 > 23 

The Teapot results Indicate that the biological dose D (In rem) Is ^nearly related to the non- 
thermal neutron flux as given for fission and boosted fission wea pons| by Eq, 4. 4*2. Thus 

r i 



M 



PR 
4ffR* 



(4. 5:1) 



Since the source strength S Is proportional to the weapon yield W, and the 4ir can be included In the con- 
stant 



pR 



D = 



_ *a 



k*W 



(4. 5:2) 



The value of k, Is constant for a given weapon type and receiver environment. K the effects of 
these two factors are transferred to the left side of the equation through the use of the previously de- 
fined kg and k,, 



(4.5:3) 




Results from many series of test shots for low and\jntermediate yieldfission and boosted fission 
burstsjiave shown apparent mean free paths for sulphur neutrons (scaled to standard density air) re- 
markably Independent of weapon type. Thus the results on a wide variety of weapons give \j-210i7 yd. 
Since the neutron spectrum of Importance is approximately Invariant with distance, the apparent mean 
path for all) biologically damaging neutrons may be taken as equal to that for sulphur neutrons?] 

u" weapon type has any influence on the apparent mean free path, it falls within the magnitude of 
the error quoted above. We may, therefore, expect errors In the dose calculations of the order of 



■m W) 



due to uncertainty In the apparent mean free path. This error is about a factor of 3 at 6000 yd. 
probable error In the dose listed In Table 4. 5:3 Includes that due to the mean free path. 



The 



The inadequate treatment of the effect of the ground surface has been discussed briefly in Sec- 
tion 4,4.6. In a very simple way this effect may be considered to depend on two factors, the environ- 
ment at the burst point and the environment at the receiver. A rough correction has been made for the 
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effect of variation* In the receiver environment through the use of the kj term. No corresponding 
correction Is presently practicable for the effect of the environment at the burst point In the face of the 
very limited knowledge available on this subject. (An attempt la made, however, to Include the addi- 
tional uncertainty in the results from nan-surface bursts as compared to surface bursts by estimating 
two probable error factors (Table 4. 5:3) for average air densities of p = and p - 1.0). 

est of the over-al l effect of the tpou n d surface on the dose was Included In the Teapot se ries. 

__^ 'Both 

the burst point and the receivers were at the ground surface for Teapot 9 while both the burst point and 
the receivers were at approximately 35,000 ft for Teapot 10. When the £eutron flux measurements 23 
made at these tests were plotted as R*$ and as a function of R on semilog paper, neither the same zero 
Intercept nor the same apparent mean free pathjfwhen scaled to the same air density) was found. The 
experimental errors In the measurements were so great, however, that these results are not considered 
conclusive. 



Fusion Weapons 

The experimental results®' of neutronflux and dose measurements for thermonuclear weapons 
are much less complete than the corresponding fission weapon results and also much less consistent. 
It was felt preferable, therefore, to base the present methods partly mi the phenomenologlcal approach 
of Brode*** rather than on the experimental measurements alone. 

The dose Is considered to be given by the following equation, which Is a combination of Eqs. 
4.4:2 and 4.4:3. 



P* 



tiM 



Ai(l-M) 



kfkcW 



R : A, + 



m 



M. 



+ A,(l-Mj 



pR 



(4.5:4) 



A A,(M) 
+ e 



pR 



The first term represents the dose due to 14-Mev fusion neutrons. The second term represents 
the dose due to the lower energy fusion neutrons and the third term represents the dose due to fission 

neutrons. 

The values of "the constants to be Inserted In Eq. 4. 5:4 are 

k, -1.0 

M =1/2 

At -1.43x10" rem-yd'-KT -1 / 



r 



- 8.0 x 10" rem-yd 1 -KT 



-l 
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A, 



: 1.0 X 10" 

3160 yd 
210 yd 
330 yd 




rem-yd 2 -KT 



The term k, and its value of unity are Inserted tn me equation for Alston weapons merely to rr\ a v^ 
the notation consistent with that for flgsjonjgajm^^epregentg t^mflpjm sslon tot^j j'feld and 
the value of 1/2 is roug 




The value of A t Is calculated from 

(1. 05 x 10") (2. 66 x 10"*) (0, 5) ... 1n „ - -i 

Aj * 2 — — — — ■ 1.43x10" rem-yd-KT 

(4ir> 01- 4) 1 



(4.5:6) 



s[T, 05x10** 14-Mev fusion neutrons generated per KT under conditions of partial burn, 
in factor from flux to dose (In rem) is taken* 8 to be 2. 66 x 10" a rem-cm 1 -neutron" vM t 



There are| 
conversion 
mission factor of 0. 5 Is assumed for neutron penetration of the weapon components, 



n 



The 
o ' J A trans- 
_ This value is 
quite approximate and may be low for the newer weapon types. There are 91.4 cm -yd" 1 . The calcu- 
lated value for Aj Is clearly uncertain but It Is believed that there is little point in attempting to further 
refine Its accuracy until more consistent and reliable measurements become available. 

Ag Is choBen as an average value for fission weapons. Since the low energy fusion neutrons (to f 
a very coarse approximation) are comparable to the fission neutrons in energy, the ratio Aj/A, should 
be approximately equal to the ratio of the number of low energy fusion neutrons generated per KT of 
fusion yield to the number of fission neutrons generated per KT of fission yield. This ratio is 1. 05 x 
10**/1.3 x 10" or about 8, thus, Aj « 8Aj. There are probably large errors associated with the choice 
of values for A : and A| but these errors are not particularly important since the second and third terms 
of Eq. 4. 5:4 are small relative to the first. Almost all of the dose comes from the 14-Mev fusion i 
neutrons, J 

f~ The values of Rj and Xj, were obtained by fitting Eq. 4. 5:4 to Castle results, The value of Aj j 
i was obtained from fission weapon results. 

As has been indicated In Table 4. 5:3, the over-all errors In the prediction of neutron dose from 
thermonuclear weapons are believed to be much greater than those from fission weapons. 

4.6 RELATIVE IMPORTANCE OF NEUTRON RADIATION 

The relative importance of neutron radiation must be judged by comparison with all other wea- 
pon phenomena capable of inflicting damge. Such phenomena include Initial gamma radiation, residual 
gamma and beta radiation (fallout), thermal radiation, and blast damage. Several of these are in- 
commensurate since they involve damage effects of entirely different types, and proper definition of a 
comparative criterion Is difficult. 

Comparison of neutron and gamma, radiation, however, Is relatively straightforward. The 
apparent mean free paths for fission jproduct and nitrogen capture gamma radiation are much longer 
than those for neutron radiation. *» 2 > "» 6 The total neutron energy released at the point of burst, how- 
ever, is comparable to or greater than the corresponding gamma energy. There exiBts, therefore, a 
spherical volume surrounding the point of burBt within which the neutron dose is greater than and out- 
side of which tiie neutron dose is less than the gamma dose. This equal-dose radius Is dependent ana 
number of factors, including the weapon type, and yield burst height, and burst environment. 

Based on the results of Sectlon 4. 5 and of Chapter 3, equal-dose radii can be determined for 
specific situations. Thus, for Burf ace (Bursts lp - 1.0) over land of a 20-KT, unboosted,^ fcwga ponj 

ffinmi; i 



the equal-dose radius is less than 



where both neutron and gamma doses are 



for a 



20 -KT, boosted^ ^ weapon under the same conditions the equal-dose radius Is about 1800 yd. At 
"high altitudes ffieradlu* increases as attenuation due to the medium decreases and the fixed attenuation 
due to distance (the R* effect) assumes increased relative Importance. Somewhat differently we could 
say that at anyf ixed distance from the source neutron radiation Is more Important compared to gamma 
radlatlonat high altitudes than atlm. 24 Thus, at an altitude ofabout 44, 000 f t (p = 0.2) the equal-dose 
£xadll for a 20 -KT, unboosted,^ Q and a 20-KT, boosted M fc weapon/are less than 500 yd and 
greater **"" 7000 yd, respectively. 

For high yield thermonuclear weapons the situation Is more complicated. (The neutron dose per 
KT Is Increased because the fusion process Is more productive of neutrons thantfie fission process. 
However, the gamma dose Is also greatly enhanced because of the hydrodynamlc effect. The removal 
of the attenuating medium by the blast wave occurs at a time when the fission product gamma source Is 
still relatively strong but when the neutron source has probably disappeared. Although the uncertainties 
are much larger, based on the results given In Section 4. 5 and In Chapter 3, one can estimate equal - 
dose radii for the high yield weapons comparable to those given above. 

A somewhat broader study of the damage effects of low and Intermediate yield weapons due to 
other mechanisms Involved In the explosion, in addition to neutron and gamma radiation, has been 
conducted by Bland." We may, following Ifland, define for any particular phenomenon a critical radius 
such that for smaller distances from the point of burst the damage is greater than a suitably defined 
critical level, and for larger distances the damage is less than the critical level. (Blast damage, 
neutron, gamma, and thermal radiation were considered for yields of 2 and 20 KT, altitudes of and 
40,000 ft, and low (thick explosive shell) and high (thin explosive shell) neutron flux weapons. The 
critical damage levels chosen are 400 rem for neutrons, 400 rep for gammas, and 18 cal-cm forj 











TABLE 4. 


6:1 












Comparison of Critical Radii Due to Several Damage 


Mechanisms 






Yield, 
KT 


Burst 
Altitude, ft 






Critical Radius, yd 






Weapon 
Type 


Neutron 
Dose 

(400 rem) 


Gun ma 
Dose 

(400 rep) 


Thermal 
Radiation 
(18 cal-cm-') 


Blast Damage to B-29 Type Aircraft' 1 ' 
Nose-On Most Vulnerable Orientation 


Low neutron 


20 





700 


1300 


1700 


850 




2300 


flux 


















Lo* neutron 


20 


40, 000 


1900 


2900 


1800 


1100 




2100 


flux 


















High neutron 


20 





1200 


1400 


1700 


850 




2300 


flax 


















High neutron 


20 


40, 000 


3200 


3300 


1800 


1100 




2600 


flux 


















High neutron 


2 


40,000 


2400 


1800 


600 


500 




1200 


flux 



















m 



See Reference G for criteria of blast damage. 



"thermal radiation. (Thermal radiation at this level Is sufficient to heavily damage 0.016-in. polished 
aluminum aircraft skin. ) The blast damage criterion cannot be simply defined and the reader is re- 
ferred to Ifland' s report" for the details of this definition. 

Results of the comparison are shown In Table 4.6:1. /The critical radius for neutrons is less 
than the critical radius for gammas except for the high neutronTIux, 2-KT weapon at high alti tude]) As 
expected, the relative Importance of the neutron dose compared to the gamma dose Increases with in- 
creasing altitude and with decreasing thickness of the high explosive shell. At high altitudes the neutron 
radius also tends to become larger than the critical radius for thermal radiation and/or blast damage. 
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4.7 NEUTRON ENERGY SPECTRUM 

Experimental test bursts previous to the Castle series usually Included instrumentation only for 
[[sulphur (3-Mev threshold energy) and gold (0.3 ev cutoff energy) neutrons, thus nmfttlne the entire 
energy spectrum between 0.3 ev and 3 Mev. (Gold neutrons, as Indicated in Section 4.3, contribute 
negligibly to the biological effect.) Fission detectorB, which cover the inlawing range, did not yield 
results easily lnterpretable until the Teapot seri es, a lthough they were tried at Castle for thermo- 
nuclear weapons but without very consistent re sults.] Use of fission detectors at Teapot, however, 
established the energy distribution over the energy range of Interest for several weapon types. (The 
fission detector results also established the lnvarlances of these spectra with distance - see Section 
4.3.3.) 

Table 4. 7:1 shows the percent of the total[neutran flux and dose (In rep) In the various energy 
ranges of Interest for unboosted and boosted fission weapons^ based on the Teapot data. Conversion 
of flux to dose (in rep) may be accomplished by means of the factors listed In Table 4. 3:2. The spectra 
are given Independent of distance and are classified into three broad categories of weapon type. This 
classification Is almost certainly Incomplete and subject to extension. At the present time, however, 
the effect of further differences In weapon type lies within the error of the measurements. 

The Teapot results do not show the energy distribution above (3 Me v of the 14-Mev fusion neu- 
trons from boosted fission weapons since no detector with a threshold energy greater than 3 Mev 
(sulphur) was used. All neutrons with energies above 3 Mev were Included In the sulphur detector re- 
sults and examination of Table 4. 7:1 indicates that the contribution of the 14-Mev neutrons to either 
the flux or dose (in rep) Is not 




No Information corresponding to that 'given In Table 4. 7:1 for {fiss ion and boosted fission weap- 
ons Is presently available on the neutron energy spectra from thermonuclear weapons. As previously 
noted, spectral invaiiance of fusion ne utrons7 cannot be assumed at this time; It is probable that con- 
sideration of the variation of the spectrum with distance will be necessary. 




4. 8 DELIVERY RATES AND THE HYDRQDYNAMIC EFFECT 

The preceding sections have dealt almost exclusively with the neutron flux or dose Integrated 
over all time. Implicit In this treatment has been the assumption that all or most of the neutrons 
arrive at the receiver almost simultaneously with the time of burst, l,e., before the blast wave has 
any appreciable effect. This appears to be a reasonable assumption on the basis of our present under- 
standing of neutron time behavior. 
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The following paragraphs discuss the neutron delivery rate and its relationship to the hydro- 
dynamic effect. The discussion will consider first the prompt and then the delayed neutrons. Finally, 
some of the very limited experimental delivery rate measurements will be presented. 

4. 8. 1 PROMPT NEUTRONS 

prompt fission neutrons are those which are born at the time of the fission reaction. This 
I re action is completed very quickly, within 5 x 10 f secTj The fusion reaction produces only prompt 
neutrons and proceeds even more rapidly than fission. Thus, all prompt neutrons are emitted es- 
sentially simultaneously with the time of burst. 

Those prompt neutrons from either fission or fusion which arrive at the receiver while still aT \ 

high energy and corresponding high speed (a 3-Mev neutron travels at a speed of about 2. 6 x 10 r \ 
yd -sec 1 ) must do bo without suffering many collisions In transit. It may be Inferred, therefore, that 

they arrive after only a very small transit time and before the blast wave. (The speed of the blast / 

or shock wave Is less than 10* yd-sec -1 except for very short distances from the point of burst.) / 
Traveling ahead of the blast wave, they should be unaffected by it. -"" 

The remaining neutrons are either slowed down by collisions within the weapon, or In the air. 
Those neutrons which are slowed down In the weapon may became trapped In the high explosive shell. 
This entrapment is only temporary and of short duration since even low yield weapons expand very 
rapidly, releasing the neutrons to the atmosphere in the process. (A 20-KT fission weapon will have 
expanded to about 50 ft In diameter In about 100 microseconds.) Once the low energy neutrons are 
released from the weapon, they travel at somewhat reduced average velocities. (Thermal neutrons, for 
example, travel only at about 2400 yd-sec" 1 between collisions. Their average speed is much less than 
this since they travel more by the random process of diffusion than by the relatively straight line path 
characteristic of fast neutrons.) Thus, the low energy and particularly the thermal neutrons may fall 
behind the shock front and experience blast wave enhancement, 9 » *® 

The lifetime of these (neutrons) is quite short, however, and so therefore Is the time over 
which they are exposed to the blast wave. The mean lifetime of any neutron slowing down In standard 
density air is only about 0.07 sec and is Independent of Its original energy. A neutron released at 
bomb thermal energy (approximately 1 kev) will slow down to 0,5 ev in about 0.0027 sec. (For air of 
less than standard density, neutrons will live longer on the average.) Since the blast wave effect is 
quite small at short times after the blast, it may have some influence on the lower energy prompt 
neutrons, but their short lifetime precludes any maj or blast wave effect. 

The neutrons which are slowed down in air behave In the same general fashion as those slowed 
down in the high explosive shell, once the latter are released from the weapon. The preceding dis- 
cussion therefore applies In general to both neutrons slowed down In air and in the weapon casing. 

It would seem that the prompt neutron flux and dose, due both to the biologically damaging fast 
neutrons and the less important low energy and thermal neutrons, should be delivered very quickly - 
well within one second. As a consequence, the blast wave effect should be unimportant for prompt 
neutrons. 



4.8.2 DELATED NEUTRONS 

A small fraction of the flsMon neutrons is emitted from the fission products rather than at the 
time of the nuclear reaction, 25 * 26 They are therefore somewhat delayed in time of emission and 
appear later in the delivery rate curve. 

Fission of U 281 , U"*, and Pu 2 " has, In each case, produced the same six major groups of de- 
layed neutrons. The half lives of the precursors of these groups of neutrons vary from 0. 15 to 54 sec 
and the delayed neutron energies vary from 0. 25 to 0, 62 Mev. The relative abundance of each group 
depends on the fissionable material and to a much lesser extent on the energy of the neutrons causing 
fission. The most important characteristics of the delayed neutrons from U !a , U 2 ", and Pu 2J * are 
tabulated by group In Table 4.8:1. The relative abundance of the delayed neutrons varies from 0. 23 to 
1, 47 percent of the total number of neutrons produced for these three fissionable materials. _- 
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K their relative abundance and energy were the only factor* lrhlch determined the magnitude of 
the delivery rate of delayed neutrons, theee neutrons could be safely neglected In comparison to the 
prompt neutrons. Because at the late emission time, the Importance of the delayed neutrons may be 
multiplied, however, by the blast effects, particularly for Intermediate and high yield weapons. 



TABLE 4. 6:1 
Delayed Neutron Characteristics for B** y m , and Pu 1 ** 




Half Life of Delayed 
Neutron Precursor, sec 


Delayed Neutron 
Energy, Mev 


jrerceni o 


i lobu. rifisun 


i neutrons 


^*» 


u»» 


Pu 1 " 


54 


0,t5 


0.03 


0.01 


0.01 


22 


o.&e 


0.1S 


0.15 


0.06 


5.8 


0.43 


0.1S 


0.23 


0.04 


2.1 


0.62 


0.28 


0.60 


0.09 


0.45 


0.42 


0.09 


0.35 


0.03 


. 0.15 


- 


0.01 


0.13 


0.00 






0.69 


1.47 


0.23 



The attenuation of delayed neutrons Is reduced relative to that of prompt neutrons by two sepa- 
rate effects of the blast: (1) the removal of the hydrogenous high explosive shell, and (2) the com- 
pression effect on the atmosphere between the neutron source and the receiver. Thus the exponential 
for pi ompt neutrons traveling through the high explosive and the unperturbed medium is 

e - (u e R e + A'atmRatm) 

where the subscripts e and atm refer to the explosive and atmosphere, respectively. The exponential 
for delayed neutrons in the non-homogeneous atmosphere is 



1 






and Is a function of both position (r) and time (t). The second exponential will be larger and In some 
cases it may conceivably be considerably larger than the first. 

The magnitude of these blast effects on the delayed neutron flux and dose has not yet been prop- 
erly evaluated. Based on the little that we do know, the effects are believed to be small for weapons 
of current design, primarily because these weapons have thin high explosive casings and the corres- 
ponding value of ix 6 R e is relatively small. _ 




It would appear, therefore, that neither the relative abundance of the delayed neutrons nor the 
multiplying effect of the blast Is large enough to make the delayed neutron dose a significant part of 
the total neutron dose. 

4.6.3 EXPEBDflENTAL RESULTS 

Experimental data on delivery rates are rare and not very reliable. Determination of delivery 
rates by theoretical calculation is difficult and here, too, little has been done. 



Thermal (both prompt and delayed) neutron delivery ratea were measured at Greenhouse using 
fission fragment cameras. Unpublished results show a definite second maidmnm In the delivery rate 
curve; this Is ascribed to blast ware enhancement. This finding tends to substantiate the argument 
given above, namely that the thermal neutrons fall behind the blast wave due to their relatively low 
velocity and random path. Attempts were also made at Greenhouse to measure fast neutron delivery 
rates using D 311 . These results were Inconclusive, however, because of contamination of U** 1 by U*", 
which is sensitive to thermal neutrons. 

Figure 4. 8:1 shows the results of essentially thermal neutron delivery rate experiments at 
Buster Baker** (3. 5 ST) and at Tumbler Snapper 4 (also known as Snapper 1) (19 KT).® 

It is seen mat for both Buster Baker and Tumbler-Snapper 4 the dose was received within about 
one second of the burst. Both yields, however, were too low to expect any second ""<"""" in the 
curves due to blast wave enhancement. 

H blast wave enhancement of the neutron flux or dose does occur and Is In any way Important 
for high yield bursts, the proper flux-and dose-distance equations will not be In the form of either 
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Fig. 4. 8:1 Thermal Neutron Delivery Rates from Buster Baker and Tumbler -Snapper 4 



Eq. 4.4:2 or of Eq. 4.4:3. They should resemble Eq. 4.4:3 in that the apparent mean free path at 
small distances should be longer than at large distances. The change In apparent mean free path with 
distance should, however, be yield dependent In a way not suggested by either Eq. 4. 4:2 or 4.4:3. It 
would be possible in principle, of course, to uae Eq. 4. 4:2 in combination with a hydrodynamlc scaling 
factor as was done in Chapter 3. Sufficient data for determining such factors are not known at this 
time. 
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4.9 MILITARY SHIELDING 



The protective effects of shielding hare been investigated 27 ' 2 " experimentally primarily using 
sulphur (3 -Mev threshold) and gold (thermal) neutron detectors. As previously noted, these detectors 
do not cover the energy range of greatest biological importance and data obtained from them are there- 
fore of somewhat limited value. In addition, there have been afew experiments duringthe Teapot series 
which utilized fission detectors for the energies between thermal and 3 Me v. Direct biological experi- 
ments (see Section 4. 3) to determine the shielding effectiveness of military structures have not been 
performed. A broad review made 2 ® of the data on neutron shielding experimental results sharply 
points up the very wide scatter In the experimental results. In addition to this lack of consistent ex- 
perimental results, thus far there has been no satisfactory calculatlonal procedure for the effects of 
shielding on the neutron flux or dose. 

In these circumstances only representative experimental data from specific test bursts and for 
the detectors actually used can be presented. The material given can be applied, at least crudely, to 
future situations, although greater discrepancies will arise the further the conditions of Interest are 
from those under which the data were obtained. 

The data are presented In the form of flux transmission factors. The flux transmission factor 
is defined as the ratio of the flux inside the shield to the open air flux at the same position (both fluxes 
in the same specified energy range). Transmission factors are given for foxholes, vehicle trenches, 
soil, and protective structures of various designs. ^ 

Fig. 4. 9:1 shows transmission factors for two-man foxholes obtained 2,7 by averaging data from 
Teapot bursts 3, 11, and 12 (all tower shots). The accuracy is probably not better than a factor of 
1.5 for the sulphur and 1.3 for the gold neutron flux transmission factors. It Is seen that the gold 
neutrons persist In quantity to considerable depths, while the sulphur neutrons are attenuated more 
easily. The data show considerable scatter which seems to exhibit little correlation, even with dis- 
tance from ground zero. Points are also plotted for Intermediate energy neutron between 4 kev and 
1. 5 Mev and between 1.5 and 3 Mev, as measured by Np m , Pu 1 ", and u" 8 fission detectors. 
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Vehicle trenches at 700 yd from ground sero were tested for shielding effect at Teapot 12 
(24 KT) 27 . Sulphur neutron flux transmission factors varied with position from 0.25 to 0.37, while 
gold transmission factors varied from 0. 69 to 0. 88. 

Transmission factors for soil were measured at Upshot -Knothole' using sulphur and gold de- 
tectors. The measurements were made for soil thicknesses up to 3-1/2 ft and distances from ground 
zero between 400 and 750 yd. The average flux transmission factor reported for sulphur neutrons is . 
0. 1 per ft of soil. 

Sulphur and gold flux transmission factors for several protective structures both above and be- 
low ground were also measured at Teapot 12. 27 The results of these measurements are presented in 
Table 4. 9:1. 

^-"""~" The OCB underground structures were reinforced concrete cells with beam-supported, earth- 
covered roofs. The cells were 10 ft wide, 21 ft long and 8 ft high. The thickness of the earth cover 
varied from 1 to 8 ft 

The OCE -Duplex underground structure was similar In construction but had two rooms. The 
structure was positioned so that each room was side-on to the blast. The building was 8 ft wide, 19 ft 
long, 7 ft high, and had 2 ft of earth cover. 

The two Navy Armco structures were above ground and of the Quonset-hut type, constructed of 
10 gauge (0. 14 In) corrugated steel plate. They were 25 ft wide, 48 ft long and 12 ft high. In one case 
3 1/2 ft of earth cover was used on the crown, with the earth thicknesB on the sides Increasing to about 
15 h/2 ft. In the other case there was zero thickness of earth at the crown and about 12 ft of earth at 
the sides. 

The Bureau of Docks structure was a precast concrete gable shelter above ground. It was 22 ft 
wide, 48 ft long, and 13. 5 ft high. 

The Instrument shelter was 9 ft wide, 29-1/2 ft long and 12 1/2 ft high. It was constructed of 
2 1/2 ft thick concrete and was partially underground. The portion of the sides of the shelter pro- 
truding above ground was banked with earth but no earth cover was used on the shelter roof. 

Further Information on these structures Is contained In Section 3. 7. 
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Chapter 5 
RESIDUAL GAMBIA RADIATION 



5.1 INTRODUCTION 

Fallout Is the name applied to radioactive debris from a nuclear detonation which, after some 
residence In the atmosphere, settles upon the earth's surface. It Is a significant source of radiation 
only for high yield weapons, say of the order of 0. 5 MT or greater, and for bursts which are low 
enough to allow the fireball to intersect the earth's surface. Some fallout occurs in small but measur- 
able amounts at places thousands of miles removed from die point of burst. It Is not at this time known 
to what extent deleterious effects may resultfrom the radiations associated with this far-ranging fallout. 
The present study, however, ie not concerned with fallout in relatively distant areas but rather with 
fallout in regions within a few hundred miles of the burst where activity is deposited in such amounts 
as to create an immediate hazard to health and safety. 

Until the Greenhouse and Jangle test 'series (1951) there had been very little investigation of 
fallout phenomena. The particle and monitoring studies at Jangle and the accidental contamination of 
a number of Marshallese, Americans and Japanese as a result of the Castle test focused attention on 
the problem. Considerable effort has been subsequently devoted to fallout. Some of the fruits of this 
effort as well as some of the remaining unansweredquestionB are dealt with in discuss ion which follows. 

This chapter covers such matters as the mechanisms by which fallout occurs, some of the 
devices used to compute and predict fallout patterns with some results, the rate of decay of fallout, the 
means of scaling experimentally observed fallout patterns to conditions other than those which prevailed 
during the experiment, the time of arrival of the contaminant, shielding, and some lesser associated 
topics. For most of the material there are large gaps in our current understanding, and what is pre- 
sented frequently contains ambitious extrapolations from what Is known. It is to be hoped that with 
further time and effort our understanding of these matters will come to rest on a firmer basis. 

An excellent study of the physical phenomenology of fallout has been made In Project Aureole. * 

5. 2 MECHANISM OF FALLOUT 

When a nuclear weapon explodes, the temperatures are high enough to vaporize the bomb and 
casing materials. As the hot gases rise and cool, these materials condense to particles of the order of 
one micron diameter at most. These particles, in the absence of other large particles to adhere to, 
remain suspended in the atmosphere for long periods of time and, generally speaking, settle out in low 
concentration over much of the earth's surface. Occasionally, local meteorological conditions cause a 
heavier than average deposition at some place. There then arises the phenomenon of fallout at places 
remote from the point of burst. 

If, however, the burst occurs sufficiently close to the surface that the earth is intersected by 
the fireball, earth is mingled in the fireball with the bomb and casing materials. The earth particles 
are very much larger than the bomb particles, probably because much of the earth does not vaporize. 2. 3 
Active material accumulates on or in many of these particles, rendering them highly radioactive. These 
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particles fall in the gravitational field with velocities modified by the air resistance. They are carried 
.horizontally from the point of burst by the winds at the various altitudes through which they fall. 

The active particles begin settling upon the earth in important quantity immediately after the 
burst, and about one day later the fallout pattern Is essentially complete. The contour of the con* 
laminated region is, in most cases, roughly oval in shape (although substantial distortions from this 
shape may occur) with the elongated portion Indicating the downwind direction for the effective wind 
averaged over altitude. The area of contamination and the intensity within that area depend principally 
on the wind field and the bomb yield. 

Rain, snow, or hail can accelerate fallout somewhat since active particles are caught by the 
precipitation and brought to the ground more rapidly than otherwise. Higher Intensities of activity may 
result over small areas. This scavenging may not be too tmportant, however, because (or the high 
yield bursts the active material probably spends much of the time at altitudes higher than those at 
which water vapor collects. 

The following is a listing of the principal parameters which determine fallout dose and dose rate 
contours. Our knowledge of most of these parameters is quite scant, and our ability to predict fallout 
patterns is thereby severely limited. 

1 . Yield and type of bomb 

2. Burst height 

3. Soil type 

4. Shape of cloud and stem 

5. Height of cloud 

6. Fraction of activity scavenged by particles - 

7. spatial distribution of particles within cloud 

8. Particle shape and density 

9. Particle distribution in size 

10. Distribution of activity among particles by size 

11. Law governing atmospheric resistance to fall of particles 

12. wind vector field as a function of time and of the three space coordinates 

13. Response of particles to forces exerted by wind 

14. Lateral diffusion of particles 



The items in the foregoinglist are not all independent. A complete specification of atmospheric 
and soil conditions, of weapon type and yield, and of burst position would, in principle, fully determine 
the problem. At present, however, it is not known how to proceed to a solution from these initial 
conditions without making further assumptions about the details of the mechanism, and, in particular, 
without invoking most of the above parameters. 

5. 3 COMPUTATION MODELS 



A number of organizations have addressed themselves to the problem of computing fallout pat- 
terns from given data about the nature of the bomb, the burst, and meteorological conditions. The 
preceding section listed fourteen parameters as determining the fallout pattern. Each of the compu- 
tation models which have been devised treats some of these parameters differently from the other 
models. Hence, for some input conditions, in particular for those conditions where the wind direction 
varies strongly with altitude, the results produced using one model can differ markedly from the results 
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produced using another model. Figs. 5. 3:1 and 5. 3:2 present two wind fields, Conditions A and 8, "re- 
spectively, and the hypothetical fallout patterns based or these wind fields and calculated by several of 
the computation models. (The wind fields shown were actually observed at potential target areas. ) It 
is clear that there is a wide disagreement on the nature of the fallout pattern to be expected in wind fields 
such as Condition A (Fig. 5.3:1). On the other hand, in spite of some spread in the results, there, is 
approximate general agreement on the pattern of fallout to be expected in wind fields such as Condition 
B (Fig. 5.3:2). 

These examples are cited for the following reasons: 

1. To show that there is nothing like unanimity of opinion as to how to predict fallout. In the 
poor state of our present knowledge It Is necessary to use the material of this chapter only 
in the realization that it represents best estimates and that it can contain considerable 
error. 

2. To point up the need for the development of better techniques to compute fallout. 

3. To stress the need of extensive further observations at weapons tests to evaluate the para- 
meters of fallout, which are so inadequately known. 

There is no sound criterion at present available against which to judge the validity of the results 
from the various models. The fallout from the Jangle surface shot was fairly well recorded; there was 
a partial record made of fallout from the Castle Bravo shot in the Marshall Islands; and the patterns 
from some of the tower shots in Nevada were very sketchily recorded. ARDC claims to have duplicated 
the fallout patterns for several of these shots including Jangle surface and Castle Bravo; * Rand Cor- 
poration claims to have reproduced the Castle Bravo pattern, 6 and USNRDL the Jangle surface pattern. 
Yet these three agencies show no agreement whatever in Fig. 5.3:2. The reason for this disagreement 
lies in the large number of unknown parameters in the calculation. When the solution is known before- 
hand and with judicious selection of values, almost any model can be made to produce a desired pattern. 
Furthermore, because there are so many arbitrary parameters available, a given model can be forced 
to agree with a good number of measured situations. This gives no guarantee, however, until agree- 
ment has been found in many qualitatively different situations, that the model will necessarily produce 
a correct pattern in a situation where the result is not known a priori. 

It seems advisable to select from among the presently available models that which appears to be 
the most promising, even though the bases for selection are indirect. Evaluating the models as to 
(lj the experience of the agency, (2) the techniques and facilities used by the agency, and (3) the general 
credibility of the assumptions, we are led to choose the Rand model from among those now existent. 
This shouldnot betaken as a blanket endorsement of the Rand method or condemnation of other methods. 
We believe that the Rand method can be improved by incorporating into it some of the better features 
of models of other agencies, that it can undoubtedly be improved as more information becomes known, 
and that events of the future need not necessarily establish it as the best of the methods now available. 
Nevertheless, if an interim reliance is to be placed on one of these methods, our choice would be the 
one developed by Rand. 

The Rand model contains the following features. ®> ' 

1. Only surface bursts are handled (in common with most other models). 

2. The cloud and stem are taken as cylinders of different dimensions. The coarse over -all 
diameters used in the Castle Bravo computation, however, are noticeably less than those 
actually observed. 

3. Rand has a general scheme of cloud heights which admits variation with weapon yield, 
season, and geographical location. " 

4. The spatial distribution of particles within the cloud is exponential, following the surrounding 
atmosphere. 



x/ 




Fallout pattern resulting from a 1-MT 
burst. Contours represent locations 
where 100 r is accumulated by 48 hr 
alter the burst. 




Length of vector indicates windspeed. 
(See scale). Number on vector gives 
altitude in thousands of feet. 



Fig. 5. 3:1 Wind Field and Fallout Pattern for Condition A 
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Fallout pattern resulting from a 1-MT 
burst. Contours represent locations 
where 100 r is accumulated by 46 hr 
after the burst. 



Length of vector indicates wind speed. 
(See scale). Number on vector gives 
altitude in thousands of feet. 



Fig. 5. 3:2 Wind Field and Fallout Pattern for Condition B 
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The cloud contains 90 percent of the activity, the stem 10 percent. ARDC has assumed 80 
percent in the stem and 20 percent in the cloud for surface bursts. It is principally because 
of disagreement over this parameter that such large differences occurred in the proposed 
solutions to the previously cited example. 

Particles are taken to be spheres and a corresponding aerodynamic law of fall is used. The 
assumptions of Technical Operations and USNRDL of irregularly shaped particles with 
corresponding laws of fall seem superior. 

The activity distribution by size of particles is chosen ad hoc to fit the Jangle surface shot 
fallout pattern. It would seem preferable to use the size distribution observed in the 
USNRDL sampling even If there is some question as to the adequacy of the sample size. 

Particles are assumed to move laterally with the local wind velocity (which varies with 
altitude) but without diffusion. 

The wind may be varied in time. 

The computation is coded for a high speed computing machine, thus adding immeasurably 
to Its value. 



Comparative discussions of other models can be found elsewhere.' 

For defensive purposes it will be necessary to have a means of computing fallout which is much 
quicker than the method indicated above. Either a rapid and reliable approximation or an analogue 
simulator or both are desirable. Until such time as our understanding has progressed to the point 
where we are able to compute reliable patterns by long and tedious methods on digital computers, how- 
ever, there can be little hope of developing the required short methods. 
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5.4 DECAY OF ACTIVITIES 

Some of the most important Information related to fallout is that concerned with the decay of 
activity. The reasons for its importance are twofold: (lj It has direct application in many operational 
situations, and (2j the facts about it are quite well known. 

A source of activity, by the very reason of its radioactivity, becomes weaker with time. The 
process is referred to as decay. The decay characteristics of most nuclides which might be found in 
fallout debris are rather well known. It Is therefore possible to construct total decay functions and 
simplified analytical approximations for them and to glean substantial results from their manipulation. 

The low energy components of the fission product gamma radiation have not been thoroughly 
studied up to this time and their contribution to the total radiation remains unknown. As a consequence, 
there is some uncertainty in the average fission productenergy and in the time variation of that average. 
Nevertheless, barring quite radical changes in the radiological potentialities of the weapon, the results 
presented in this section should be applicable within moderate limits of error - perhaps 25 to 50 per- 
cent. 

Some of the questions that can be answered by the methods of this section are as follows; 

1. If the dose rate at a given location and time after burst is known, what is the dose rate at 
any other time at the location? 

2. If at some location the dose rate is known at a given time after burst, how much dose will 
be accumulated at the point during any time interval? 

3. If the time required to reach an uncontaminated zone from some point within the fallout 
area by the most direct route is known, together with the shielding available during transit 
and the shielding available at the starting point, at what time should evacuation be under- 
taken to minimize the accumulated dose? 

One very importantrestriction must be placed on the use of the methods described below. They 
should not be applied at any time before fallout is substantially complete. Before then, the dose rate 
expressed as a function of time depends mainly on rate of transport of material by the wind and very 
little on decay. 

Experimental measurements 10 have been made of the activity encountered at Castle Bravo due 
to fission products and material activated by bomb neutrons. Based on these measurements and on the 
assumption that the average gamma ray energy is not a strongly variant function of time, the corres- 
ponding dose rates can be calculated. Fig. 5. 4:1 is a plot of dose rates based on the Castle Bravo 
measurements; the rates are presented as the ratio of the dose rate at time t to the dose rate 1 hr after 
the burst. This ratio is called F(tj for convenience. Thus, 

F(t, = _^L (5-4:1) 

tXH + 1) 

where 

6(t; = dose rate t hours after the burst 

D(H+1; = dose rate 1 hr after the burst. 

Therefore, If the dose rate is known at any one time tj,, it can bs found for any other time ^ 
from Fig. 5. 4:1 and the simple relation 

W*»> = rfy Dttb*. (5.4:2, 
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Fig. 5.4:1 F(t) as a Function of Time after Burst 



Tig. 5.4:2 D(H + 1,t) as a Function of 
D(H + 1) 



Time after Burst 



Fig. 5. 4:2 is a plot of the variation with time of the dose accumulated between 1 hr after the 
burst and any later time t, divided by the dose rate at 1 hr after the burst. Thus, Fig. 5. 4:2 presents 
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where D(H + 1, ty = dose accumulated between 1 and t hr after the burst. 



If, after the fallout is complete, the dose rate Is known to be JXt^J at some time t^, then 



D(H + 1/ = 






and the dose accumulated between 1 and t hr after the burst Is 
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Similarly we may calculate the dose accumulated at a given location during anytime period after 
fallout is complete. If the dose rate at a given location atany time t^ after fallout Is complete Is h{\^), 
the expression for the dose accumulated during the time period ^ to t„ (t,j > t^ is 

IXt^y = D(H+l,g - EHH+l,^) 



IXV /iKH+i,y «h+i,v 
Tft^T 



EKH+l) 



(5. 4:6) 
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F(t) dt 



Thus, LXtjn.g can be found from the known value of iHy and from Figs. 5.4:1 and 5.4:2. 

Finally, if there Is an uncontamlnated area within a reasonable distance, it may be of importance 
to evaluate the desirability at remaining in a place of shelter within the fallout field as compared to 
evacuation. It is possible, using the relations given above, to determine the time at which the shelter 
should be evacuated to minimize the total dose received from fallout. As above, this method can be 
applied only if fallout is complete before the time of evacuation. Assume the following: 

1. that the transmission factor available within a shelter at a point inside the fallout field is 
T s and that the transmission factor available during transit (the shelter afforded by a ve- 
hiclej is T v . (The dose transmission factor of any shielding structure is defined as the 
ratio of the dose rate inside the structure to the dose rate outside.) 

2. that the dose rate encountered in transit through the contaminated area falls off linearly, 
with time of transit, from the dose rate at the point of departure. 
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some time after fallout is complete and at which the dose rate is known at the point of 

interest 

any convenient time after fallout is complete at the point of interest 

time at which the point Is to be evacuated 

time at which the uncontamlnated area is reached 

known dose rate at time t^ 

dose accumulated from time t j to time t m in the absence of shielding 

dose accumulated during time of transit if there is no shielding during transit 

total dose accumulated from t^ to the time that the uncontamlnated area is reached t n 



iXV 



D B " Ttv 



/ ft. 



("^) 



dt 



l m 



(5.4:7; 



1/ 



Vm> * D A + D B 






/m /»« / 

F(t) dt + T v / F(t) I 1 



t - t. 



m 



tn-tn, 



dt 



(5.4:8) 



It is clear from physical considerations that if T B * T v evacuation should be immediate. H 
however T 6 < T v it is necessary to examine the derivatives of Eq. 5.4:8 with respect to t m to determine 
the optimum evacuation time. For this condition the optimum evacuation time is found to be that at 
which t m satisfies the following equation. 



F(t m ) = -sr- Ftt^ 



■d-*m 




(5. 4:9, 



Fig. 5. 4:3 is derived from Eq. 5. 4:9 and gives the values cf t^, the time after the bomb burst 
at which evacuation Bhould be started to minimize the dose received, as a function of T v /T s . The 
transit time t^ - 1^ is given as a parameter. 

Even in the absence of adequate methods to predict dose and dose rate patterns, the information 
which is available about decay rates is extremely useful. It is to be presumed that in the event of a- 
nuclear attack by an enemy power, affected areas will be metered for dose rates at the earliest possible 
moment. The knowledge of the time behavior of the metered activity would then permit informed on- 
the-spot planning of personnel and material disposition. 



PROBLEM 1 

The dose rate is known to be D^) r-hr" 1 at a given location at (1) H+l hr and (2) H+t a hr. 
For each of these two cases calculate the corresponding dose rate t^ hr after the time of burst. 



Solution 



1. From Fig. 5.4:1 read F(tjj), i.e., the value of F(t) when t = t^. 

2. For case (1; the required solution is 



iXty = ixt a ) FfV 
3. For case (2) read from the 6ame figure Fttj) as well as Flt^. The required solution is 

«V - * l a> WJ 
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Fig. 5. 4:3 Optimum Time for Evacuation of a Shelter Within the Fallout Field as a Function of 
T v /T s and the Transit Time t^ - ^ 



Example 

The dose rate at a point is required at H+10 hr. The dose rate at that point is known to be 
400 r-hr *' at (1) H+l hr and (2) at H + 5 hr. (Fallout la complete by H+l hr. ) 

1. From Fig. 5.4:1, F(10) = 0.04 

2. For case (I) the dose rate at 10 hr is 



-l 



D(10) = (400) (0.04) = 16 r-hr 



3. For case (2;, F(5) -, 0. 13 and the dose rate at 10 hr is 

(0.04) 



D(10) = (400) g^l' = 123 r-hr" 1 



PROBLEM 2 



The dose rate at a point within the fallout field is known to be Dtt^) r-hr" 1 at time t^. It is 
desired to know what the accumulated dose at that point will be in the time interval ^ to tj,. Fallout 
was complete at that point before time tj, which was earlier than t^ or t m . 




y 



Solution 



1. From Fig. 5.4:1, find Ff^. 



2. From Fig. 5. 4:2, find the values of C F(t) dt and / F(tJ dt 

"4 + 1 ^H + l ■ 



3. The required accumulated dose is 



«WV - f^[ J F(t)dt-J Ftt/dtj 



Example 

* 

Fallout was complete at a point at H + 5 hr. The dose rate at that point at H+6 hr is SO r-hr" 1 . 
How much dose accumulates at the point between H+5 and H+ 10 hr? 



1. From Fig. 5.4:1, F(6) =0.09 _ 

10 



2. From Fig. 5.4:2, 



/ 



F(t) dt = 1.5, / lit) dt = 1.2 

H + l H+l 



/ 



3. The required accumulated dose is 



50 



W5.10) = -g~ [1.5-1.2] = 167 r. 



PROBLEM 3 

Fallout was complete at a point before time t{. There is a shelter at the point whose shielding 
affords a gamma ray transmission factor of T 8 . An evacuation vehicle is available and it has a gamma 
ray transmission factor of T v . Assume that there is an uncontaminated area available and that it takes 
tn - t m hr to reach this area. Further, assume that during transit the dose rate (outside the vehicle) 
falls off linearly with time from the dose rate at the point of departure (outside the shelter). At what 
time after the burst should the shelter be evacuated to minimize the total dose received? 



Solution 



1, Compute the ratio T v /T g . 

2. For the value of T v /T s and the known values of l^ - tn,, find the corresponding value of t„i 
from Fig. 5. 4:3. 



J 




E xample 

A ahelter a/fords a transmission factor of 0. 08. An evacuation vehicle is available which affords 
a transmission factor of 0. 8. It will take 8 hr to reach an uncontaminated area. At what time after 
the burst (and after fallout is complete) should the shelter be evacuated to minimize the total dose 
received? 

1. The ratio T v /T s = 0.8/0.08 = 10 

2. From Fig. 5. 4:3 for T v /T s = 10 and t„ - ^ = 8 hr, the value of t m is 28 or after the time 
burst. This is the time at which the shelter should be evacuated. Note that the result is in- 
dependent of the dose rate. It holds as long as the radiation decays in time in a manner 
which is proportional to F(t), Fig. 5.4:1. 

5, S ISODOSE RATE CONTOURS 

The isodose rate contours, along with the total integrated dose contours to various times, 
provide the greater part of the results of a fallout computation. The Rand Corporation calculations 1 * 
appear to be the most comprehensive and possibly the best of those currently available. 

It will probably never be possible to calculate a dose or dose rate pattern that can be believed 
literally in detail. However, a fair indication of areas of lethal, dangerous, and tolerable dose, some 
general notion of dose gradient, and an idea of the perturbations in pattern shape to be expected from 
input perturbations, like changes in the speed or direction of the wind, can well be hoped for. 

Local differences in conditions within the fallout area also lead to very significant local fluctu- 
ations in patterns. 

If a pattern is desired for a specific set of conditions, the pattern should be computed specifi- 
cally for those conditions. There is at present no rapid way to make such a calculation. There is no 
very accurate way of deducing a pattern for one set of conditions from a known pattern for a different 
set. In short, until our grasp of the mechanics of fallout computations becomes much more sure and 
sophisticated, it is advisable to develop and maintain a rather extensive library of fallout patterns 
computed for many different situations. 

Figs. 5.5:1 through 5. 5:4 are downwind isodose rate patterns at H + l hr . They are for two 
different yields and two different effective wind speeds. They are scaled from an idealized version of 
the experimentally determined patterns encountered at Castle Bravo. * 2 As such, they do not purport 
to be the patterns encountered for any specific set of conditions. Rather, they are presented as an aid 
in making only roughly quantitative evaluations of the general potential of high yield weapons. 

Except in the unusual situation when there are practically no winds aloft, the region around 
ground zero is contaminated chiefly by the large (say above 500-micron) particles which fall out of the 
cloud and stem. These particles fall so rapidly that they are little affected by the wind field. The ex- 
tent of the pattern is determined roughly by the maximum dimensions of the cloud. The pattern centers 
close to ground zero, subject only to relatively small displacements by the wind; the controlling para- 
meters are the soil, which determines the number of large particles available, and the yield, which 
determines the extent of the cloud. The downwind pattern, on the other hand, is controlled principally 
by the wind field. 

The calculation of fallout patterns close to ground zero proceeds in much the same fashion as 
the calculation of downwind patterns. Accurate knowledge of large particle sizes and activity is con- 
siderably more crucial, however. For calculation of downwind patterns it is assumed that there is 
a time and height of cloud stabilization from which particles start falling. This assumption is not 
applicable for ground zero fallout patterns because the large particles begin to fall back to earth in im- 
portant quantities very soon after the burst and before the cloud has attained anything close to maximum 
height. The objection can be partly met by deliberate alteration of the assumed spatial distribution of 
large particles. It is appropriate to make provision for these differences when setting up a computation. 
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Fig. 5. 5:1 Downwind Isodose Rate Pattern at H + I hr for 15-MT 
Burst, 15 -Knot Wind. Contours give dose rates in r-hr* 1 . 
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Fig. 5, 5:2 Downwind Isodose Rate Pattern at H + 1 hr for 15-MT 
Burst, 30-Knot Wind. Contours give dose rates in r-hr -1 . 




Fig. 5. 5:5 is a ground zero isodose rate pattern at H+l hr for a 15-MT blast scaled by AFSWP 
from the Ivy Mike shot. ^ it is presented as the standard for planning in the 0. 5 to 100 MT range. 
Since the ground zero pattern depends heavily upon the fraction of large particles available, Fig. 5. 5:5 
is strictly applicable only to coral sands such as those encountered in the Marshall Islands. 

It is important to note that the isodose rate patterns in Figs. 5. 5:1 through 5. 5:5 are drawn for 
a reference time of H+l hr. Thsse patterns represent the dose rates at H+l hr if the fallout were 
complete by that time, a condition which is rarely the case. For those cases where the fallout is 
complete by H + l hr and the dase rate is desired at H+l hr the value is read directly from the appro- 
priate figure; For those cases where fallout is complete by H + l hr and the dose rate is desired at a 
later time the dose rate value at H+l hr is corrected by the methods described in Section 5. 4 and the 
curve given in Fig. 5.4:1. For the more usual situation in which fallout is not complete by H + l hr 
the dose rate can also be determined from Fig. 5. 5:1 through 5. 5:5 and Fig. 5. 4:1, but only for times 
after fallout is complete. Figs. 5. 5:1 through 5. 5:5 cannot be used to calculate isodose contours for 
any time before completion of fallout. 
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Fig. 5. 5:3 Downwind Isodose Rate Pattern at H + lhrfor 1. 5-1 
Burst, 15 -Knot Wind. Contours give dose' rates in r-hr"'. 
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Fig. 5.5:4 Downwind Isodose Rate Pattern at H + lhr fori. 5-1 
Burst, 30-Knot Wind. Contours give dose rates in r-br" 1 . 



It is worth remarking that In none of the diverse models of computing fallout and for none of the 
weapons considered, has any agency reported* a region where the H+l hr dose rate substantially 
exceeded 10, 000 r-hr" 1 . There is no obvious physical mechanism which forces such a limit, and It 
may be that its apparent existence is merely fortuitous. Nevertheless, its persistent recurrence re- 
quires mention. 



5. 6 DETERMINATION OF EFFECTIVE WIND VECTORS, THE AREA OF FALLOUT AND THE TIME 
OF ARRIVAL 



Military and civil authorities whose installations lie In the vicinity of a high yield atomic burst 
require specific Information on the probable characteristics of the fallout, if maximum defense meas- 
ures are to be taken when necessary. Prompt determination of the fallout characteristics and efficient 
use of the time before fallout commences can lead not only to the saving of lives but to the maintenance 
of the installation In a more operational condition following fallout than might otherwise have been 
possible. 

The specific questions of primary Importance are as follows: 

1. In what direction from ground zero will the fallout occur, 1. e. , what are the effective wind 
vectors ? 
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^Fig^S, 5:5 Ground Zero feodose Rate Pattern at H + 1 hr lor 15-MT 
fl kurst. Contours give dose rates tn r-hr" 1 . 



2. Over what areas will the fallout occur, both In the vicinity of ground zero and in the area 
of downwind fallout ? " 

3. What will the fallout time period be, i. e. , when will It first arrive and how long will it last, 
both in the vicinity of ground zero and the downwind fallout area ? 

4. What are the dose rates to be expected in the fallout areas, bath ground zero and downwind? 

The first three of these questions are covered in the material that follows. The last question 
has been discussed to the degree presently possible In Sections 5. 4 and 5. 5, 

In general these questions have to be answered In the order presented but their relative impor- 
tance will vary depending on the situation. As the distance from ground zero increases, the impor- 
tance will tend to shift from (4) toward (1). Thus, If the installation is In the vicinity of ground zero, 
fallout will occur almost immediately and the only question of importance involves the dose rates to be 
expected. At somewhat greater distances but still close enough so that fallout, if it does occur, will 
come shortly after the burst, the prime consideration is the length of time available for preparation. 
For very distant locations the major question Is the direction from ground zero in which fallout will 
occur. 

There is another factor which varies with distance from ground zero, namely the time available 
to determine the answers to the questions given above. For points close to ground zero very little 
time can be devoted to calculations since Immediate action Is required. Thus, only the simplest and 
quickest calculatlonal methods are possible, which necessarily Introduce the largest uncertainties into 
the results. The dangers inherent in such fast but inaccurate results may be considerable. It may be 
advisable, therefore, to determine for each installation an extensive catalog of calculated results for 
relatively nearby bomb bursts, based on prevailing weather variations and the most accurate methods 
available. The presently available methods may be used for Initial determinations of such a catalog 
for simple wind situations but more accurate methods are needed and should be actively sought. 

Completely adequate methods of determining quantitative answers are unknown at present and 
the beBt of the available methods are quite complex. The paragraphs below attempt to present relative- 
ly simple methods of obtaining the required information. It should be emphasized, however, that these 
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methods are applicable only to correspondingly simple wind fields, where the wind Held is complex, 
there appears to be no simple way of replacing the field with an effective wind vector or vectors and a 
more detailed calculation than given here seems mandatory. 

The data required to estimate effective winds, fallout areas, and fallout time periods are: 

1. distance and direction of the installation from point of burst, 

2. wind field between point of burst and the installation, 

3. height and diameter of atomic cloud at time of stabilization, 

4. size range of fallout particles and 

5. rates of fall of particles In size range and for altitudes of Interest. 

Items 1 through 3 will be known In general only after the bomb burst or maybe assumed for calculation 
of given situations of interest before the event. Items 4 and 5 are characteristics which are known 
before the event. 

5. 6. 1 DETERMINATION OF THE EFFECTIVE WIND VECTOR 

Wind speed and direction may vary markedly with altitude at a given location. The composite 
of directions and speeds Is known as the wind field and this field is of primary Importance in deter* 
mining the fallout pattern. It Is to be expected that the wind field will not necessarily remain constant 
over any large area such as that between the point of burst and the Installation. In a real situation the 
wind data available will be fragmentary at best and may have been measured at some distance from 
either ground zero or the Installation. Under these circumstances nothing Is gained by considering 
the additional complications Introduced by variations in wind field and the assumption will be made, of 
necessity, that a wind field is known which does not vary over the entire area between ground zero and 
the Installation. 

With a knowledge of the wind field and the fallout particle characteristics it is possible to cal- 
culate the effective wind vectors. An effective wind vector is defined as the single vector which would 
produce the same fallout pattern as the wind field itself, for all particles starting at a given altitude. 
It should be noted that the effective wind vector Is thus a function of altitude. 

Table 5. 6:1a, based onUSNRDL calculations, presents the time required for particles of Irreg- 
ular shape to fall through various altitudes in the atmosphere. The data are presented for particles 
from 50 to 1C00 microns In diameter, (The 50-mlcron data are extrapolations of the USNRDL results.) 
While these data are thought to cover most of the range of Interest, ^ additional Information on the 
fall rates of particles less than 100 microns in diameter is highly desirable and fallout calculations 
should include the range of smaller particle sizes. Examination of the data in Table 5. 6:1a indicates 
that, for the particle sizes and altitudes considered, the relative amount of time spent in any layer of 
altitude is almost independent of particle size. Table 5.8:1b gives the fractional total fall time for 
each altitude zone. These are averaged values for all particles between 50 and 1000 microns; they 
are given for particles starting their fall at 20,000-ft Intervals with an upper limit of 100,000 ft. 

From Table 5. 6:1b and a known wind field, which is not too complex, an effective wind vector 
for each of the 20, 000-ft intervals in altitude can be calculated. Thus, to determine the effective wind 
vector for a given altitude multiply each wind vector at that altitude and below by the corresponding 
fraction of total fall time found from Table 5. 6:1b. Adding the weighted winds vectorially will give the 
effective wind for the particles falling from the given altitude. 

PROBLEM 4 

A high-yield bomb has been detonated sufficiently close by so that a particular Installation may 
lie in the fallout field. The location of the burst, the height and diameter of the atomic cloud at, or 
close to, the time of stabilization, and the wind field In the area between ground zero and the installa- 
tion are known. 
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TABLE 5,6:1 
Characteristics of Irregularly Shaped Falling Particles 
a. Partial Fall Time as a Function of Particle Size 

Partial Fall Time,hr 



Particle Size, 
microns 


From, ft 
To, ft 


20,000 



40,000 
20,000 


60,000 
40,000 


80,000 
60,000 


100, 000 
80,000 


1,000 




0.31 


0.24 


0.19 


0.14 


0.09 


700 




0.47 


0.34 


0.27 


0.20 


0.15 


400 




0.80 


0.63 


0.50 


0.37 


0.28 


200 




1.67 


1.33 


1.00 


0.87 


o.e9 


100 




4.00 


3.44 


2.63 


2.32 


2.55 


50 
(extrapolated) 




(11.) 


(9.5) 


(7.5) 


(6.5) 


— 



b. Fraction of Total Fall Time Spent in Each Altitude Zone as a Function of Initial Height of Particle 

Fraction of Total Fall Time Spent in Falling 



Initial Particle 
Height, ft 


From, ft 
To, ft 


20, 000 



40,000 
20, 000 


60,000 
40,000 


80,000 
60,000 


100, 000 
80, 000 


100, 000 




0.31 


0.24 


0.19 


0.15 


0.11 


80, 000 




0.34 


0.27 


0.22 


0.17 


— 


60, 000 




0.42 


0.32 


0.26 


— 


— 


40,000 




0.56 


0.44 


— 


— 


— 


20, 000 




1.00 





— 


— 


— 



c. Total Fall Time as a Function of Particle Si2e 



Total Fall Time, hr 



Particle Size, 
microns 


From, ft 


20, 000 


40, 000 


60,000 


80,000 


100, 000 


1,000 




0.31 


0.55 


0.74 


0.88 


0.97 


700 




0.47 


1.08 


1.08 


1.28 


1.43 


400 




0.80 


1.43 


1.93 


2.30 


2.58 


200 




1.67 


3.00 


4.00 


4.87 


5.56 


100 




4.00 


7.44 


10.07 


12.39 


14.84 


50 
(extrapolated) 




(11.) 


(20.5) 


(28.) 


(34.5) 


— 
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Compute the effective wind vectors for particles falling from several heights, starting from the 
msTiimim cloud height. 



Solution 



Tabulate the wind dlrectloi. and speed as a function of altitude with the height of the top of 
the cloud as an upper limit. 

Group the wind vectors in 20,000-ft altitude Intervals. Determine the average wind vector 
for each altitude interval. The average wind vector may be determined by inspection if the 
spread in direction ts not large or by vector addition and averaging if the spread is large. 

Multiply the average wind speeds from (2) by the weighting factors (fraction of total fall 
time) for the corresponding altitude zones and starting altitudes found In Table 5.6:1b, Do 
this for particles starting at the top of each altitude interval. 

Add the winds resulting from (3) vectorially for each starting altitude. This can be done 
either graphically on polar coordinate (circular) graph paper or numerically. The vector 
sum gives the effective wind speed and direction for particles starting at the several alti- 
tudes. 



Example 

An installation lies 200 miles due east of the point of a high- yield atomic explosion and thus 
possibly within the fallout path.. The installation commander has been given the following information . 

1. The active cloud will probably attain a maximum height of 80,000 ft and stabilized diameter 
of 60 miles. .- -~ 

2. The wind field Is given below for 5000-ft Increments of altitude. 

Find the effective wind vectors forparticles falling from 80,000, 60,000, 40,000, and 20,000 ft. 
1. The wind field Is as follows: 



Altitude, 


Wind Spaed, 




thousand ft 


miles-hr" 1 


Wind Direction, * 








— 


5 


11 


10 


10 


20 


325 


15 


14 


280 


20 


19 


265 


25 


34 


260 


30 


47 


265 


35 


37 


305 


40 


27 


290 


45 


23 


310 


50 


28 


300 


55 


20 


280 


60 


11 


285 


65 


21 


305 


70 


7 


295 


75 


8 


285 


80 


10 


250 



Note that the wind direction Is measured from the compass heading from which the wind 
arrives, with s being due north and 90" being due east. 



1/ 



2. The wind fields averaged over 20,000-ft altitude sones are as follows: 



Altitude, 
thousand ft 


Average 

Wind Speed, 
miles -hr" 1 


Average Wind 
Direction, • 


0-20 


12 


305 


20-40 


33 


275 


40-60 


22 


295 


60-80 


12 


265 



The average wind vectors for the three altitude zones between 20,000 and 80,000 ft were 
determined by Inspection, since the variation In wind direction Is not large. The average 
wind vector for - 20,000 ft required vector addition because of the larger spread in wind 
direction, 

3. Using the results of (2) and the weighting factors from Table 5.6:1b, the weighted average 
wind speed is calculated for particles starting from the several altitudes. 



Particle 

SUrtlng Altitude, 
thousand ft 


Altitude Zone, 
thousand ft 


Average 
Wind Speed, 
miles-hr" 1 


Weighting 
Factor 


Weighted Average 
Wind Speed, 
miles-hr -1 


Average 
Wind 
Direction, ° 


80 


0-20 


12 


0.34 


4.1 


305 




20-40 


33 __ 


0.27 


8.9 


275 




40 -60 


22 


0.22 


4.8 


295 




60-80 


12 


0.17 


2.0 


2S5 


60 


0-20 


12 


0.42 


5.0 


305 




20-40 


33 


0.32 


10.6 


275 




40 -60 


22 


0.26 


5.7 


295 


40 


-20 


12 


0.56 


6.7 


305 




20-40 


33 


0.44 


14.5 


275 



20 



-20 



12 



1.00 



12.0 



305 



4. By vector addition, as shown in Fig. 5. 6:1 for 80, 000 ft, the effective winds for particles 
starting from each of the several altitudes are as follows: 



Particle 

Starting Altitude, 
thousand ft 


Effective Wind 
Speed, miles-hr -1 

20 


Effective Wind 
Direction, ° 


80 




290 


60 






21 


285 


40 






21 


285 


20 






12 


305 
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Fig. 5.6:1 Graphical Determination of Effective Wind Speed and Direction for Particles Falling 
from 80,000 ft (Problem 4) 



5.6.2 DETERMINATION OF THE FALLOUT AREA 

Fallout may be considered to occur over two separate areas - the region around ground zero 
and the region around the effective wind vectors. It is most convenient to discuss these areas sep- 
arately as the fallout characteristics of each are quite different. 

The immediate area around ground zero will almost certainly experience fallout. Further, 
this fallout may cover a wide region; it occurs very shortly after the burst and is essentially independ- 
ent of the wind field. The rapidity and wide coverage of this fallout is the result of two factors - the 
very rapid initial expansion of the cloud diameter, particularly after it has reached Its stable (maximum) 
height, and the very rapid fall of the heaviest particles In the cloud. These particles start falling be- 
fore the cloud has even begun to approach its stabilized height. 

While the available data are Incomplete, experience at Castle gives the magnitude of the ground 
zero fallout area. A 15-MT weapon will produce a cloud with about a 70-mile diameter at 10 min after 
the burst. Moreover, although the cloud has reached its stable height by this time, Its diameter may 
still be growing rapidly. It is the diameter at the end of the period of rapid expansion which is of 
most interest, since it determines both the maximum extent of the fallout around ground zero and the 
time at which the normal atmospheric dispersing forces become important in determining the downwind 
fallout. 

The stabilized cloud diameter is a function of both weapon yield and atmospheric conditions, 
particularly tropopause height. Unfortunately, the data available on cloud diameters for high yield 
weapons are not complete, giving values at 10 min rather than at the end of the growth period. Further, 
no corrections for atmospheric variations are made. In the absence of anything better we are forced 
to use the 10-min diameters, even though these data will tend to underestimate the fallout area around 
ground zero. It is suggested, therefore, that the area around ground zero which receives immediate 
fallout be taken as having the diameters shown below as a function of bomb yield. 
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TABLE 5.6:2 
Atomic Cloud Diameters for High- Yield Weapons at 10 mln after Burst 





Cloud Diameter, 


Yield, MT 


miles 


1 


20 


5 


30 


10 


50 


15 


70 



As is true for the other aspects of fallout, there are no completely reliable calculation^ meth- 
ods for determination of downwind fallout, but there are three alternative approximate methods which 
can be suggested. The methods differ in the length of time required and the probable accuracy of the 
results, the quickest method giving the roughest result. Choice of a particular method will depend on 
the urgency of the individual situation. 

The first two methods (A and B) define the entire fallout area in order to determine If fallout 
will occur at a given location. Method A gives only the outside angle of the probable fallout area. 
Method B, while somewhat more Involved, gives an indication of the length at the fallout area as well 
as Its width around the effective wind vectors. If the installation falls either within or some distance 
away from the areas found by either A or B, the probability of fallout occurring is clear. If, on the 
other hand, the installation lies near the boundary of the fallout area, the judgment of the observer Is 
required to estimate the possible danger. Further, neither method as presently outlined requires any 
statement on the distribution of the active material with altitude at the time of stabilization. (It Is Im- 
plied, however, that there Is some active material at all heights below the maximum height of the 
cloud.) When the actual distribution of activity with altitude Is definitely determined, the effective 
wind vectors for altitudes with unimportant amounts of active materials may be neglected. Present 
Indications are that a large part of the activity Is concentrated In the cloud; based on this, the effective 
wind vectors for the highest altitudes should be more heavily weighted. In the examples presented in 
this section the effective wind vectors will, however, all be given equal weight. 

The third method (C) provides a very rapid means of determining whether fallout will or will 
not occur at a given installation but It does this without defining the entire fallout area. 

Method A 

For very simple wind fields a sector can be drawn around the wind vectors for altitudes below 
the maximum height of the cloud. It is then assumed that the angles of this sector when applied to the 
cloud diameter define the area within which fallout will occur. 

Method B 

For wind fields which are somewhat more complicated but still not so complex as to invalidate 
use of any approximate method, it Is possible to use the effective wind vectors at various altitudes to 
estimate the fallout area. The individual vectors presumably indicate the lines about which the fallout 
concentrates due to particles starting from a given altitude. The network of vectors then outlines the 
total area covered by particles falling from all altitudes. The choice of the range of altitudes to be 
used depends on one's estimate of the Initial distribution of radioactive material with altitude. The 
most conservative assumption is that the active materials are distributed over all altitudes up to the 
maximum. The outer angles of the area defined by the several effective wind vectors, when applied to 
the cloud diameter, give the fallout area. 
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Method C 

Fig. 5.6:2 presents graphically the data of Table 5.6:1c, the total fall time for given particle 
sizes as a function of the altitude from which the fall starts. In addition to these data, estimates are 
necessary of the maximum wind velocity In the general direction of the installation from ground zero, 
the maximum cloud height, and the separation distance. Assuming that the particles travel with the 
maximum wind velocity at all times, the approximate arrival time can be calculated. Knowing this 
time (which Is equal to the fall time} and assuming that the particles start from the maximum cloud 
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Fig. 5.6:2 Total Particle Fall Time as a Function of Starting Altitude 



height, Fig. 5. 6:2 will provide the size of the largest particle that will arrive at the installation, H 
this particle Is below the size which contributes Importantly to fallout (say 50 microns), then fallout 
will probably not occur. If It is much larger than 50 microns, fallout should be expected. This method 
is conservative since it assumes that the particles travel with the highest wind velocity throughout, 
directly toward the Installation, and start falling from the ig aximy tp altitude, a combination of circum- 
stances which is unlikely. 

PROBLEM 5 



For the situation described in Problem 4 calculate the probable area of fallout and whether fall- 
out will occur at the installation. 
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Solution 

Method A (simple wind fleldB) 

1-2. Same as Problem 4 

3. Plot the average wind vectors on polar coordinate (circular) graph paper with the origin 
taken as ground zero. Draw the sector best defined by these vectors, disregarding or 
assigning relatively small weight to vectors near the boundaries of the sector. 

4. Draw the cloud centered at ground zero with the diameter assumed at stabilization. Ex- 
pand the sector found in (3) so that it is tangent to the cloud diameter. The area defined by 
this enlarged sector Is the probable fallout area. 

5. Plot the position of the Installation and observe if It falls within or near the boundaries of 
the enlarged sector found In (4). 

Method B (wind field of Intermediate complexity) 

1-4. Same as Problem 4 

5. From Table 5. 6:1c determine the total number of hours necessary for the 50-mlcron 
particle to fall from the several starting altltudeB to zero altitude. 

6. Multiply the effective wind speeds for each starting altitude by the corresponding total 
fall time from (5) and plot the resulting maximum fallout distance vectors on polar co- 
ordinate paper. 

7. Draw the cloud centered at ground zero with the diameter assumed at stabilization. Move 
- the network of ma^mnm fallout-distance vectors found in (6) to the outer dimension of 

the cloud. The area defined by the vectors Is the probable fallout area. 

8. Plot the position of the Installation and observe If It falls within or near the boundaries of 
the area found in (7). 



Example 

For the conditions described in the first example determine the fallout area and whether the 

installation lies within its boundaries. 

Using Method A 

1-2. The wind field and average winds are as tabulated in Problem 4. 

3. The average wind vectors for the altitude zones of interest (80-60,000, 60-40,000, 40- 
20,000, 20,000-0 ft) are plotted In Fig. 5. 6:3. 

4. The cloud and the expanded sector are plotted in Fig, 5. 6:3, The expanded sector is then 
the assumed fallout area. (Note that the wind vectors and linear dimensions are not to 
the same scale. ) 

5. The installation Is plotted 200 miles due east of ground zero. It can be seen to fall Just 
within the probable fallout area; fallout can therefore be expected, but It will probably be 
of relatively low Intensity. 

Using Method B 

1-4. The wind field, average winds, and effective wind vectors are as calculated in Problem 4. 
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5. From Table 5.6:1c the total fall time for 50-mlcran particles as a function of starting 
altitude is as follows. 





Total Fall Time 


Initial Particle 


for 50-mlcron 


Height, thousand ft 


Particles, hr 


80 


34.5 


60 


28.0 


40 


20.5 


20 


11.0 



6. The effective wind speed for each starting altitude Is multiplied by the corresponding total 
fall time from (5) to yield the maximum fallout distance. The ma-rimum fallout distance 
vectors from ground zero are plotted in Fig. 5. 6;4. 





Total Fall Time 








Initial Particle 


for 50-mlcron 


Effective Wind 


Maximum Fallout 


Effective Wind 


Height, thousand ft 


Particles, hr 


Speed, miles-hr" 1 


Distance, miles 


Direction, ° 


80 


34.5 


20 


690 


290 


60 


28.0 


21 


590 


285 


40 


20.5 


21 


430 


285 


20 


11.0 


12 


130 


305 



7. The cloud aiid the networks of fallout vectors Starting from the outer diameter of the cloud 
are plotted in Fig. 5.6:4. The envelope drawn around the networks of vectors then defines 
the fallout area. 

8. The installation location is plotted 200 miles due east of ground zero and It is seen to fall 
outside but near the boundary of the fallout area. The prudent conclusion would be again 
(as in Method A) that fallout Is likely to occur at the Installation but in relatively moderate 
amounts. 

It is worthwhile to compare the fallout areas as determined by the two methods. It is clear that 
the direction of the fallout area is the same but this is not surprising since the winds are all generally 
in the same direction. The widths of the fallout zones, however, are somewhat different since Method 
A yields an area which continually expands with increasing distance from the burst point while Method 
B produces an area which Is of roughly equal width for most of its length before It closes up. The 
latter method thus seems to agree more closely with measured results and this may justify the extra 
effort required for the calculation. 

PROBLEM 6 



For the situation described in Problem 4 determine if fallout occurs at the Installation. 

Solution 



Method C 

1. Determine the highest wind velocity in the general direction of the Installation from ground 
zero. 

2. Determine the separation distance between active material and installation by subtracting 
the cloud radius at stabilization from the distance from ground zero to the Installation. 
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Fig. 5. 6:3 Determination of Fallout Area (Problem 5 - Method A) 
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Fig. 5.6:4 Determination of Fallout Area (Problem 5 - Method B) 
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3. Divide the separation distance found in (2) by the wind velocity found in (1) to obtain the 
approximate time of arrival. 

4. From Fig. 5.6;2, at the time found In (3) and the maviTniim cloud height, read the particle 
size to be expected at the arrival time. If this Is 50 microns or less, there probably will 
be no appreciable fallout. If It Is much larger than 50 microns, fallout should be expected. 

Example 

Forthe conditions described in the first example determine If the Installation will receive fallout. 
Using Method C 

1. The maximum wind velocity in the general direction of the installation Is about 45 knots. 

2. The separation distance is 200-30 = 170 miles. 

3. The approximate time of arrival is 170/45 or about 4 hr. 

4. Fig. 5. 6:2 Indicates that particles falling from the maximum cloud height of 80,000 ft In 4 hr 
are 250 microns in diameter. Fallout may therefore be expected to occur. 

5.6.3 DETERMINATION OF FALLOUT TIME PERIOD 

The final question to be answered, once it Is known that fallout Is likely to occur, regards the 
time of arrival of fallout and the length of the fallout period. In the absence of violently variable wind 
fields, It may be generally expected that In the area around ground zero fallout will start essentially 
immediately and last for 1 or 2 hr. For regions a few hundred miles downwind, fallout might not start 
until 10 or 15 hr after the burst and last an equally long period. These are very coarse statements, 
subject to the caprice of the wind. A wind that doubled back on itself In time could even lead to two 
separate fallout periods at the same spot. 

A more thorough examination of the fallout time period is presented below, again considering 
fallout around ground zero and downwind separately. 

The available data on ground zero fallout arrival time are sparse and conflicting. Thus, after 
Ivy Mike, fallout arrived at lagoon stations (5 to 15 miles from ground zero) at about 45 min after 
burst time, but after the Castle tests the time of arrival at lagoon stations was only about 6 min. No 
explanation for the conflict is offered. Using these data, a rough estimate would be that fallout would 
probably arrive in the area around ground zero (with the diameter previously Indicated) within about 30 
min of the burst. For practical purposes It may be well to consider that It arrives immediately. 

From the Information determined in the preceding sections, fallout arrival time downwind of the 
burst point can be easily calculated. If the installation lies in the middle of the fallout area, the time 
of arrival is obtained by dividing the separation distance between active material and the installation 
by the largest of the calculated effective wind speeds. Note that the separation distance is not the 
distance between burst point and Installation but rather it is this distance less the radius of the stabi- 
lized cloud. This reduced distance is used since the active material Is transported to the cloud radius 
almost immediately after the burst by cloud expansion. 

If the installation is not at or close to the middle of the fallout area, as will be true in most 
cases, the question arises as to the proper value of the separation distance or alternatively the proper 
value of the wind speed. For simple wind fields and distances far from the point of burst the errors 
Introduced by the use of the separation distance and the effective wind speed, as determined for points 
on the effective wind vector, are small and can be neglected In comparison with the inherent uncer- 
tainties of the method. For wind fields which produce broad rather than elongated fallout areas or for 
locations close to ground zero, the importance of choosing the correct separation distance (or effective 
wind speed) Is greater. Two simple alternatives are possible - using the separation distance as pre- 
viously defined or using this separation distance multiplied by the cosine of the angle between the 
ground zero- installation heading and the effective wind vector. In either case the effective wind speed 
is used. The second approach is the more conservative of the two but it may very well be over-con- 
servative since It Implies that fallout particles are traveling even faster toward the Installation than 
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along the effective wind vector. It Is recommended, therefore, that to determine time of arrival 
throughout the fallout area at both close and distant points from ground zero the separation distance be 
divided by the highest effective wind velocity, ignoring the cosine mult^lication. 

Similarly, an estimate of the time at arrival of particles from other starting altitudes may be 
obtained by dividing the separation distance by the effective wind velocity tor particles starting at the 
altitude of Interest. 

Information on the particle sizes involved during fallout (and indirectly an estimate of when fall- 
out will end) can be obtained by an examination of Fig. 5. 6:2. Knowledge of the arrival time for parti- 
cles starting from a given altitude from Fig. 5. 6:2 will allow an estimate to be made of the particle 
sizes corresponding to that arrival time. Assume a separation distance of 100 miles and an effective 
wind speed of 20 miles -hr -1 for particles starting at 80,000 ft. The arrival time of these particles is 
5 hr and from Fig. 5. 6:2 the particle size arriving at the receiver from 80,000 ft Is about 200 microns. 
tlBlng other known effective wind speeds allows a rough estimate to be made of the distribution In time 
of fallout particle size at a given location. 

Further, knowing the smallest particle size which makes an appreciable contribution to the 
fallout allows an estimate to be made of the end of the fallout period. This would be the time after 
which only particles smaller than the given size arrive at the Installation. 



PROBLEM 7 

For the situation described in Problem 4 calculate the probable time of arrival of fallout, the 
particle sizes which arrive as a function of time, and the probable end of the fallout period. 

Solution 

1. Determine and tabulate the effective wind vectors by the method outlined in Problem 4, 

2. Determine the distance between ground zero and the Installation and subtract from this dis- 
tance the radius of the atomic cloud at stabilization. This is the separation distance. 

3. Divide the separation distance found In (2) by the effective wind velocities found In (1). The 
shortest time found by this division is the time of arrival. 

4. Using the times found in (3) and the corresponding Initial particle altitudes, read from Fig. 
5. 6:2the particle sizes whicharrive at each time and from each altitude. The end of fallout 
will be taken as the time after which no particles larger than some chosen size (say 50 mi- 
crons) arrive. 



Example 



1. From Problem 4 the effective wind vectors for each initial particle altitude are as follows: 



Initial Particle 


Effective Wind 


Effective Wind 


Altitude, thousand ft 


Speed, 


mile 6-hr" 1 


Direction, ° 


80 




20 


290 


60 




21 


285 


40 




21 


285 


20 




12 


305 



2. The distance between ground zero and the installation la 200 mllec. The radius of the sta 
blitzed cloud is 30 miles. Thus, the separation distance Is 170 miles. 



3. The time of arrival of particles starting at various altitudes Is as follows : 



Initial Particle 


Effective Wind 


Time of Arrival 


Altitude, thousand ft 


Speed, miles-hr' 1 
20 


at Installation, hr 


80 


8.5 


60 


21 


8.1 


40 


21 


8.1 


20 


12 


14.2 



Thus fallout will arrive at the installation at about 8 hr after the burst. 

From the results of (3) and Fig. 5.6:2 the time distribution of particle sizes and the probable 
end of the fallout period can be estimated. 



Time of Arrival 


Estimated Particle 


at Installation, hr 


Size, microns 


8.1 


95 


8.1 


115 


8.5 


130 


14.2 


40 



Note that the particle size does not decrease smoothly with time. The sizes given should be 
considered as characteristic of the distribution mat actually arrives at a given time, if one accepts 50 
microns as the lower limit of particle size of importance, one can estimate that after 13 or 14 hr the 
fallout is essentially complete, 

5.7 DELIVERY RATES 



A knowledge of delivery rates during the fallout period is in itself not of major practical interest. 
What is important, however, is the dose rate measured at a given installation as a function of time. 
The value of delivery rate information is that dose rate curves may be derived from delivery rates. 
An installation commander with the knowledge of dose rates may be able to estimate the total dose to be 
delivered some hours before his meters could provide this information. 

There are in fact several different kinds of fallout delivery rates which may be considered but 
very little information is available on any of them. This is primarily because they are very difficult to 
determine, either by calculation or by measurement in the field. 

It is necessary to distinguish between these different kinds of delivery rates. There is first, the 
delivery rate of fallout material in terms of the weight delivered per unit time and wit area. This de- 
livery rate is determined by the total number of particles and their size distribution, both as a function 
of time of arrival. (Part of the required data for calculation of the weight delivery rate could be pro- 
vided by the methods of Section 5.6). Second, since each unit weight of fallout material Is emitting 
radiation, there is also a delivery rate in terms of dose rate (say r-hr" 1 ) per unit time and unit area. 
This dose delivery rate will be a function not only of the particle number and size distribution but also 
of the activity content per particle and the decay characteristics of this activity. Third, there is a dose 
delivery rate in which all the activity is corrected back to some reference time, such as 1 hr after 
burst. This corrective dose delivery rate has the advantage that its value is not complicated by the 
decay of the active material. 

The delivery rate of most interest is the dose delivery rate. If it can be calculated for a given 
situation, its integral over time will yield the expected dose rate as a function of arrival time. The 
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calculated dose rate curve could then be compared with actual fallout measurements during the initial 
'• part of a comparable, actual fallout period. At some time, as a result of this comparison, it may be 

possible to predict the rest of the dose rate curve. What information there is available about the dose 
delivery rate within the fallout period indicates that the rate reaches its maximum early and men tapers 
off. This early maximum is caused not only by the differential in the times of vrival of particles of 
various sizes but also by the continuous decay of the activity. 

In the absence of any comparison between dose rates based on calculated delivery rates and 
actual measurements, the importance of the delivery rate determination is uncertain. For some 
situations, where the wind field is complex, it may very well be impossible to calculate valid delivery 
rates, but in any case this kind of situation is generally beyond the level of the present treatment. 
Even for simple wind fields the deli very rate calculation is quite complicated and requires large amounts 
of data which are presently unavailable. Further, depending on the shape of the delivery rate curve, 
the time savings in prediction of total dose may not be large enough to be particularly useful. Under 
such circumstances all that the commander of an installation can act on is the dose rate actually being 
received at a given time during the fallout period. Using the methods of Section S. 4, a calculation can 
be made of the total dose which would be received between the time of measurement and any time op to 
1000 hr after the burst, but only due to the active material accumulated up to the time of measurement. 
(The dose received after 1000 hr is relatively small. ) At some level of the measured dose rate or of 
the predicted total dose, the Installation commander would Initiate appropriate measures, e. g. , evacu- 
ation. 

Nevertheless, while it is unlikely that a precise determination of delivery and dose rates can bs 
made a priori, on account of the sensitive dependence on many inaccessible parameters, it is possible 
that the general shape and extent of these rates for various classes of bursts and wind conditions can be 
determined. Even information of this nature may be valuable in anticipating, on the basis of incomplete 
metering, the extent of fallout at a given point. 

( 5. 8 SCALING WITH YIELD AND EFFECTIVE WIND VELOCITY 

One of the most closely reasoned methods for scaling dose and dose rate contours is that deve- 
loped at USNRDL. "* This method provides a device for scaling the downwind pattern with yield when 
wind conditions remain constant, and for scaling with changes in average wind conditions when yirids 
remain constant. By successive application of the two principles, it is possible to scale for simultaneous 
changes in yield and average wind conditions. The USNRDL method was devised for weapons which 
develop their entire energy release from the fission process. The formulae w'll be presented first 
for fission weapons and then will be extended to cover weapons which derive only part of their energy 
from the fission process. 

A remark should be made at this point about the meaning of average wind. Strictly speaking, 
the wind scaling procedure applies only if every component of the wind field is multiplied by the same 
number, and if the relative angles between all components remain unchanged. Such severe restric- 
tions, if rigorously met, however, wojld so limit the application of the method as to destroy its useful- 
ness. It is believed that a good approach to the real situation can be achieved by replacing the entire 
wind field with a reasonably chosen average wind. (Such a choice will probably lead to bad results only 
In those cases where the win! fields under comparison show marked qualitative differences. A case in 
point would be one where a wind field with no shear was compared to one with a great deal of shear. ) 
The meaning of average wind is not well defined. If the determination is to be made before the event, 
it is recommended that time of arrival calculations (see Section 5. 6) be made at several points down- 
wind, and that the average wind be taken as the average of the quotients of downwind distance and time 
of arrival. It should be possible, within the framework of the assumptions discussed in Section 5. 6, to 
determine the downwind direction fairly well by inspection in many cases. If the determination is to be 
made after the event, the downwind distances and times of arrival can be taken from experimental 
measures. 

There are five assumptions basic to the USNRDL procedure. 

1. The total amount of activity in the cloud varies directly with the total energy release, W. 
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2. The height and linear dimensions of the cloud vary In the same way with yield, and thie 
variation can be expressed in the form W* . 

3. For a given soil the relative size distribution of the particles is independent of yield. Or, 
the same fraction of the total activity is included in any given particle size range. 

4. The relative spatial distribution of active particles of any given size in the cloud is inde- 
pendent of yield. That is, homologous volumes contain the same particle sizes for all 
yields. 

5. The rate of fall for particles of a given size is independent of yield. The rate of fall of 
active particles depends only on particle size. 

While some of the above assumptions are subject to question, they are all probably reasonably 
good for scaling purposes as long as the scaling is not between yields that are very different. A reason- 
able guess as to the extent of their validity might be for yields that differ by no more than a factor of 
50 from the standard case. 

The scaling law which results from the assumptions given above is 

/W X*" 

*» " HO 

(5.8:1) 
/W x"" 



where 

k lfl , kj t = empirical constants 

{ = any linear dimension of a given contour 

f) = dose rate on contour 

W = we^ipon yield 

USNRDL recommends the values of k^ = kj t = 1/3 and these values will be used here. Thus, 




(5.8:2) 



(There is some question as to the proper values of the exponents. For example, Technical Operations" 
believes that lc„ = 1/2 rather than 1/3. ) 

Scaling with yield in the vicinity of ground zero requires an approach different from that for 
downwind scaling. The following assumptions are made. 

1. The activity available on large particles scales linearly with the yield. 

2. The cloud radius to heights of interest scales as the one-third power of the total yield. 

3. Thf; regions contaminated lie almost directly below the cloud. 
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It then follows 

1. that the radius of a contour will scale as the one -third power of the total yield W, and 

2. that the dose rate value of a scaled contour will scale as the areal concentration of activity, 
which will be the ratio of the activity scaling to the squire of the linear scaling, 1. e. , 

W 1 

— x- = Wi (5.8:3) 

(W*)' 

Fortuitously, therefore, the same form of scaling law applies to ground zero as to the downwind 
region, but for different reasons. 

It is further found empirically that the total area Inclosed by a given dose rate contour does not 
depend very sensitively on the average, or effective, wind. 

The scaling law plus the empirical statement about the areal constancy of dose rate contours 
can be restated for pure fission weapons as follows: 

At constant effective wind velocity, the shape-determining linear parameters of the isodose 
rate contours scale as the cube root of the total yield, and the areas scale as the two-thirds 
power of total yield. At the same time, the isodose rate intensities of tKe respective contours 
scale also as the cube root of the total yield. 

In extending the formulae to weapons which develop only a fraction of the total yield from 
fission, it is only necessary to change the first of each of the above groups of assumptions. 

The first of the five assumptions concerning downwind scaling becomes: 

1. The total amount of activity in the cloud varies directly with the fission yield; 

while the first assumption concerning scaling in the vicinity of ground zero is changed to: 

1. The activity available on large particles scales linearly with fission yield. 

The result is, then, that the contour shapes and sizes are functions of total yield of the weapon, 
whereas the dose. rate contour values are determined by the amount of contaminant available; i. e. , the 
fission yield. 

Thus, if a dose rate on a particular contour is known for a pure fission weapon, the dose rate 
on the same contour for a weapon which is part fission and part fusion is: . 



D F U'7 



(5. 8:4) 



where 



D = dose rate on a contour for a part fission weapon. 
D F = dose rate on the same contour for a pure fission weapon of the same total yield. 

Y = fission yield. 

W = total weapon yield. 
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Formulae (5. 8:2) are then generalized to: 



l» -1, 





Db 




(5. 8:5) 



where 



1 ■ any linear dimension of a given contour. 
D = dose rate on the contour. 
Y - fission yield. 

W - total weapon yield. 

At constant yield, areas within isodoee rate contours probably remain constant, but the down- 
wind extent varies directly as the cube root of the wind velocity, and the crosswind extent varies In- 
versely as the cube root of the wind velocity. This relation is verified {Dugway tests) only for winds 
whose velocities do not exceed 25 knots. *" For winds less than S knots these statements do not apply. 
The dynamics of the active cloud overshadow the effects of such winds. It is anticipated, however, 
that wind velocities at the high altitudes to which high yield clouds rise will, in general, exceed 5 
knots by a considerable amount. 

Figure 5.5 : 1 is. ah ide alized downwind fallout pattern from the Castle series for a 15-MTtf H 
m Bbomb with an effective wind of 15 knots. It can be used as the basisfor 

scaling to other yields and effective wind velocities following the above prescription. 

Figure 5. 5:5 Is an idealized ground zero pattern, based on the Mik e test, for 
Itotal -yield bomb and a 15 -knot wind. It can be used as the basisfor scaling 
following the method described above. 
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This scaling method should be regarded as qaite rough, although rapid. The errors may be 
quite large and in fact for some cases at the Teapot tests the error was as much as a factor of three. 17 

PROBLEM 8 

A downwind lsodose rate contour pattern for a specific fission and total yield and effective wind 
velocity is given. The scaled pattern for a different fission and total yield and effective wind is re- 
quired. 

Solution 



1. From the given pattern, Figure 5. 5:1, choose a set of points properly dispersed to permit 
mapping the pattern. The set should include the maximum downwind and crosswind dis- 
tances for each of a n amber of contours. 

2. Compute the cube root of the ratio of the required total yield to the given total yield. 

3. Compute the two-thirds root of the ratio of the given total yield to the required total yield. 

4. Compute the ratio of the required fission 'yield to the given fission yield. 

5. Compute the cube root of the ratio of the required effective wind speed to the given effec- 
tive wind speed. 
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6. Compute the reciprocal of the number found in step (5). 

7. For each point selected in step (1) perform the following operations. 

a. Multiply the downwind and the crosswind distances of the point each by the number 
found in step (2). The resulting numbers are, respectively, the downwind and cross- 
wind coordinates of the corresponding point in a new contour which has been scaled 
for yield but not for wind speed. 



b. Multiply the value of the dose rate on the contour from which the point was selected 
by the numbers found in steps (3) and (4). The result is the dose rate value of the 
point found in (7a), scaled for yield only. 

c. Multiply the new downwind distance found in (7a) by the number found in step (5). The 
result is the downwind coordinate of the point scaled for both wind speed and yield. 
The associated dose rate value is that found in (7b). 

d. Multiply the new crosswind distance found in (7a) by the number found in step (6). The 
result is the crosswind coordinate of the point scaled for both wind speed and yield. 
The associated dose rate value is that found in (7b). 

e. Plot the point at the coordinates found in (7c) and (7d) with the dose rate value from 
(7b). Repeat for enough points to permit the sketching of isodose rate contours. 

Examp le 

The downwind isodose rate contour pattern for a | 1 15-MT total yield bomb 

at an effectivewindspeedof^^ajots is given in Figure a^l^Coastruct the corresponding dose rate 
pattern for afl Hi. 875 -MT total yield bomb at an effective wind speed of 30 knots. 

1. The points will be characterized in the following manner: (125,30)-100 means the co- 
ordinates are 125 miles downwind, 30 miles crosswind, and the dose rate value ielOOr-hr"' 
at H+l. A representative set of points might then be (125, 30) -100, (335,0)-100, (100, 24)-200, 
(277,0)-200, (90,22)-400, (215,0)-400, (80,20)-600, (165,0)-600, etc. The computation will 
be performed only for the point (125,30) -100, which is sufficiently general to illustrate the 
method. 



(4F)' 



fc£) - (•) 



= 4 




i=2J =1.26 



1.26 = 0.79 

7. a. 1/2 x 125 = 62. 5 miles 
1/2 x 30 = 15 miles 



4x— x lOOr-hr' 1 
8 



50 r-hr 



1. 26 x 62. 5 = 79 miles 
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d. 0. 79 x 15 = 12 miles 

e. The point (125, 30)-100 therefore transforms Into the point (79,12)-50. The process 
is repeated until there are enough transformed points to construct an isodose Tate 
pattern. 

PROBLEM 9 

The isodose rate contour pattern In the vicinity of ground zero Is given for a specific fission 
and total yield. Compute the isodose rate contour pattern for a different fission and total yield. 

Solution 

1. Choose a set of points along a ray from the center of Figure 6. 5:5. Note the radial dis- 
tance from the center and the associate^ dose rate for each point. 

2. Compute the cube root of the ratio of the required total yield to the given total yield. 

3. Compute the two-thirds root of the ratio of the given total yield to the required total yield. 

4. Compute the ratio of the required fission yield to the given fission yield. 

5. For each point selected in step (1) perform the following operations. 

a. Multiply the radial distance by the number found in step (2). This is the radial dis- 
tance of the transformed point 

b. Multiply the dose rate associated with the point by the numbers found in steps (3) and 
(4). This is the dose rate associated wittf the transformed point 

c. Construct a circle about ground zero whose radius is equal to the number found in 
(5a). This is the isodose rate contour at H + 1 hour whose value is the dose rate found 
in (5b). An arc of perhaps 60° of this circle facing downwind would have a somewhat 
higher associated dose rate, in general, on account of wind perturbations. Also, the 
center of the circle would be somewhat displaced and its shape a bit distorted by the 
wind. The full circle approximation- about ground zero is, however, about as good as 
reasonably can be expected from the use of simple methods. 



Example 

Although they are less involved, the procedures for scaling of ground zero isodose contours are 
similar enough to those of Problem 8 so that a separate example is omitted. 

5,9 SCA LING WITH HEIGHT OF BURST 

The methods of predicting fallout discussed so far are applicable only to surface bursts. It is, 
therefore, desirable to scale for bursts at some height above the earth's surface. Fallout occurs in 
appreciable amounts only when there are earth particles In the fireball capable of scavenglngthe active 
material. Further, it appears that such scavenging particles are present in the fireball In quantity only 
when the fireball intersects the earth. There is clearly some relation between the amount of earth 
included in the fireball and the amount of activity that is scavenged. We shall assume It is linear. We 
shall assume also that the amount of earth in the fireball is proportional to the volume intersected by 
the fireball. 



Let 



xj = effective fireball radius (for a weapon of a given yield the minimum burst height at which 
there is no appreciable fallout). 



4. The required dose rate Is 

D(H+1) - 0.46 i 2000 • 920 r-hr J 

S. 10 ENERGY SPECTRA OF FALLOUT GAMMA RADIATION 

The energy spectrum of fallout gamma radiation is sublet t to variation with weapon type. The 
fission product portion of the spectrum Is Invariant for any given fissionable material, e, g, , U***, 
U 1U , Pu 1 ", U U1 . Moreover, indications are that there is very little variation In the fission product 
distribution among the three commonly used fissionable materials: U 1 *, U*", and Pu u *. Hence, to a 
good order of approximation, we can expect the fission product part of the gamma radiation spectrum 
to be invariant. 

The great floods of neutrons released in nuclear explosions, especially in thermonucle ar weai 
can be captured in nearby materials, sometimes causing them to become radioactive.! 




There have been observed negligible but detectable\components of the spectrum which rose from 
the activation of earth materials lw neutrons, e.g., activated calcium in the Marshall Islands and 
activated aluminum in Nevada, 18 ^J These activities constituted only a very few percent of the total 
and could safely be neglected. The several pasLundersea test shots have not shown activation of sodium 
sufficient to contribute importantly to the fallout spectrum. 

f Neutron-absorbing materials may be deliberately placed In or around a thermonuclear bomb to 

increase the radiological hazard. In such a case the fallout gamma radiation spectrum would almost 

/ certainly be altered. "^ 

I Barring peculiar burst environments or deliberate addition of neutron absorbers to the bomb, 

J however, it is probable that the fallout gamma radiation spectrum characteristic of the Castle type_ 
/ bombs will holder ather well for other thermonuclear weapon types. ~~~ 

( The energy spectrum of gamma rays In fallout changes with time. That is because (1) nuclides 

with shorter half lives will decay faster and vanish from the spectral structure, and (2) some nuclides, 
which are not produced directly but occur as products of the decay of other nuclides, do not appear 

f perceptibly in the spectral structure until after some lapse of time. 



Fig, 5. 10:1 presents 11 charts of the energy spectrum at different times ranging from 1 hr to 
/20 days after detonation. They are constructed from analytical curves of decay with the fission product 
and neutron activation components relatively weighted to afford agreement with the experimental deter - 
minations of the spectrum at Castle. ls > 2 ^ Since these determinations began at approximately 5 days 
after detonation, the spectral data here presented for times earlier than 5 days are possibly not as 
accurate as the data for later times. 

f In the absence of detailed study of the lower energy end of the fission product spectrum, fission 

product gammas with energies less than 0. 1 Mev have been Ignored. Further, the induced activities 
Include strong components of radiation below 0. 1 Mev which have been lumped Into the 0. 1 to 0. 4 Mev 
range. While these low energy gamma components are not negligible, their treatment here simply 
makes the spectrum appear somewhat harder, 1. e. , of higher energy, than it really Is. In turn, this 
leads to a slight apparent reduction in the shielding effectiveness of materials. (From the defensive 
viewpoint this is conservative.) 
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6.11 SHIELDING FROM RESIDUAL GAMMA RADIATION 

The only mechanisms far reducing the gamma dose delivered from a source to a receiver are: 

1 . increasing the separation of source and receiver, and 

2 . Interposing gamma-absorbing material between source and receiver or (better still) sur- 
rounding the receiver or source with gamma-absorbing material. 

Within the fallout area there is very little opportunity to use separation distance as a means of 
attenuation because the fallout source is spread more or less uniformly over a broad region. To the 
extent that there are local non -uniformities, distance attenuation can be used by avoiding the hot spots. 

Of much greater significance is the use of gamma-absorbing material to shield against the 
radiation. Actually all materials are gamma-absorbing but some are more effective or more convenient 
than others. A fairly accurate rule of thumb for selecting gamma-shielding materials is that for a 
given thickness of material the gamma-absorption effectiveness increases with the electron content 
per unit volume of the material. This Is because a large portion of the gamma-absorption and scatter- 
ing processes are simply reactions between gamma rays and electrons. The electron content per unit 
volume Is the product of the electron content per unit weight and the density of the material. Since for 
most materials (except those containing a large concentration of hydrogen) the electron content per unit 
weight is approximately constant, the gamma-shielding effectiveness of a given thickness of material 
increases with the density of the material and is approximately independent of Its composition. This is 
equivalent to saying that equal weights of most nonhydrogenous materials provide about the same shield- 
ing protection, assuming the same shielding geometry. (Within this broad statement it is also true that 
in general the materials of high atomic number and high density make the most effective gamma shields, 
particularly for gamma rays below about 0. 5 Mev and above about 4 Me v. ) 

A convenient method of characterizing the shielding effectiveness of a given material and ge- 
ometry is through the use of the dose transmission factor 

*>i 
T = -^- (5.11:1) 

where 

Dj = physical dose received at the inner face of a given material and geometry due to a poly- 
energetic source of gammas 

Di = physical d^se received at the outer face of a given material and geometry due to a poly - 
energetic source of gammas. 

Instead of the expression given above we will uje an approximate and more easily calcula- 
ted form for rough determination of the shielding effectiveness of a given structure. Thus 

" M t X 
T e = e (5.11:2) 

where 

Mt - total linear attenuation coefficient for gammas of an appropriate average energy 

k - thickness of shielding. 

In general, T e will not be equal to T as defined In Eq. 5.11:1. The use of T e , while adequate for 
present purposes, would not be suitable for all others, for example for calculations involving the 
strong source and thick shield associated with nuclear reactors. 



A corresponding expression for T e which may be used when there axe a number of slabs of 
different composition in the shield Is 

^e(i,j,i) T e» T « T e: {5.11:3) 

where the subscripts indicate different materials. Eq. 5.11:8 demonstrates the important rule, appli- 
cable to approximate calculations, that when several materials are added together tn a shield their 
transmission factors are multiplied to obtain the transmission factor for the combined shield. 

The shielding effectiveness of any material depends on the energy of the impinging radiation. 
The energy spectrum of the fallout radiation Is time dependent, as shown in Section 5. 10. Hie shielding 
effectiveness of a material varies, therefore, with time. For most of our present purposes, the time 
variation of shield effectiveness need not be considered, as it is relatively slight. 

The only circumstance in which time variation becomes worthy of attention is when there is a 
strong component of relatively short-lived and highly penetrating radiation. If it were contemplated 
to remain in the fallout region for several weeks and if active sodium were present tn quantity, the 
shield should be assigned one value during the important lifetime of sodium and another for the re- 
mainder of the time. 

Fig. 5. 11:1 is a plot of the transmission factor of one foot of soil (specific gravity = 2) from 1 hr 
to about 23 days after the burst. During this period the transmission factor varies from a maximum 
value of 0. 164 to a minimum value of about 0, 1S6. The 3-hr transmission factor, which is close to the 
maximum, is taken as the average value. Since the activity decays quite rapidly with time and a sub- 
stantial portion of the dose is delivered early, the 3-hr choice is quite realistic. 

The shield evaluations of this section are based upon the energy spectra of Section 5.10. 

Table 5.11:1 presents nominal values of gamma ray transmission factors T e , as a function of 
thickness, for several common materials. The specific gravity is also presented. These values, though 
approximate only, may be used to evaluate most simple shielding configurations. 

The foregoing material is presented to permit evaluation of the relative shielding effectiveness 
of various common materials in the absence of more accurate methods. A better a priori evaluation 
can be made by computing, or making educated assumptions about, the anticipated external residual 
source distribution and calculating by Monte Carlo methods the radiation transport through the actual 
shield composition and configuration. The best evaluation is made by metering the shield interior 
under actual operational conditions. 

While the characteristics of a shield are not the same for the long-lived, broadly distributed 
residual gamma source as they are for the short-lived and much more directional initial gamma source, 
a fair notion of the relative effectiveness of various shielding installations may be had by reference to 
Section 3. 7 which deals with shielding against the initial gamma radiation. 

While It Is difficult to make exact quantitative statements, some general remarks about shield- 
ing in a residual radiation field may be offered. 

Because the residual source is well distributed and because the radiation has the capability of 
being scattered through angles, or, so to speak, of turning corners, an adequate shield must surround the 
receiver completely. (Such exceptions to this rule as may occur for the case of residual radiation are 
quite special.) 

A radiation shelter can be prepared tn advance and especially designed for its purpose. The 
most commonly recommended shelter is an underground excavation with S to 5 ft of earth above. The 
access corridor to such a shelter should, where possible, have a bend in it so that gamma radiation 
cannot find a straight-line path into the shelter, since even though gamma rays can be scattered around 
corners they suffer considerable attenuation In the process. 
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all Islands who breathed, ate and drank contaminated air, food, and water for as long as 4 days, con- 
clude that the Internal radiation effects were low compared to the external effects observed. No con- 
clusions can yet be drawn, however, about the long range effects of such radiation. 
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TABLE5.11;! 
Nominal Gamma Ray Transmission Factors for Common Materials 

Transmission Factors 



Material 


Specific Gravity 


1 in. 


4 in. 


am. 


12 in. 


Water 


1.0 


- 


0.7 


0.6 


0.4 


Soil 


2.0 


- 


0.6 


o.s 


0.16 


Concrete 


2.5 


- 


0.5 


0.2 


0.08 


Cinder block 


1.6 


- 


0.7 


0.3 


0.15 


Wood 


0.6 


- 


0.9 


0.8 


0.6 


Lead 


11.3 


0.25 


0.004 


- 


- 


Iron 


7.0 


0.58 


0.1 


_ 


_ 
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The middle stories of high buildings in cities make fairly good radiation shelters. They provide 
a distance factor, and because of the intervening structure, a shielding factor. 

Re?rrangement of furniture and of anything movable, to come between the receiver and the 
principal apparent source of dose can be helpful. Any structure or inclosure, whether or not it is high 
or has a basement, is better than nothing; if the shelter equivalent of at least a basement is not avail- 
able, however, evacuation should probably be considered. 

A very adequate shelter can be prepared in a subground level basement by piling sandbags on a 
steel or wooden frame to a thickness of 2 or 3 ft, top and sides. If the bags can also be wetted down 
before the water supply is contaminated, such a shelter would afford almost complete isolation from 
the external gamma radiation. 

Should outside air bearing contaminated particles penetrate a shelter of any sort, a hazard 
might arise from beta activity deposited in the lungs or on the skin. Some effort should be made, 
therefore, to exclude large masses of outside air from the shelter. 

Figs. 5.11:2 and 5.11:3 reproduce the results of some simple calculations of the shielding 
effectiveness, predominantly geometrical, or structures with and without basements. 21 In each case 
the superstructure begins at grade and is circular in shape. In the former case the dose rate is com- 
puted for a receiver 3 ft above the ground level; in the latter, for a receiver on the basement door at 
the center of the circular cross section of the building. The calculated dose rate includes both un- 
scattered and scattered gamma radiation, contributed by uniformly distributed fallout contamination en 
an infinite plane surrounding the structure and on the roof of the structure. Dose rates are presented 
as percentages of the dose rate outside the structure and 3 ft above the ground. 

Figure 5.11:2 presents the results for the "no-basement" case, plotted against the structure 
radius x G for four different values of structure height y. The lowest curve Bhows that portion of the 
radiation which comes from the ground source, independent of the height of the structure (y = »). The 
curves are computed for the case of infinitely thin structural materials, i. e. ,no structural attenuation. 
No allowance is made for the effect of intervening floors in multistoried buildings. Table 5.11:1 may 
be used for approximate evaluation of the effect of finite structural thicknesses (roof, walls, floors, 
etc. ) on the results of Fig. 5. 11:2 

Fig. 5. 11:3 presents equivalent results for the case of a structure with basement. An additional 
parameter y^ is required for the depth of the basement. The same general descriptive remarks apply 
to this figure as to Fig. 5. 11:2. The two lowest curves give the portion of the dose which comes from— 
the ground source, independent of roof height (y = <*>) lor the two basement depths chosen. 

The assumptions on which Figures 5.11:2 and 3 are based are sufficiently crude so that use of 
these figures should be restricted to qualitative estimates. 

5. 12 VARIATIONS DUE TO ENVIRONMENT 

There are two environments which can greatly alter the fallout dose received by a detector at 
some point in the fallout region: the environment of the burst point, and the environment of the detector. 

The principal environmental factor of Interest at the burst point is the nature of the Burface over 
which the bomb was detonated. Present experience for which detailed data are available Is limited to 
the soils of Nevada and the Marshall Islands. Particle size distribution work has been done by USNRDL 
on the Nevada soil, but little information Is available on the Marshall Islands particle size distribution. 
The prevailing impression Is that the Nevada distribution is probably fairly representative of most 
soils and concrete constructions that might be encountered In the United States and Europe. Experi- 
mental work on the fractionation cf different soils Is, however, vitally needed. 

It is not at all clear what sort of fallout pattern will result from water surface and underwater 
bursts. Although Buch bursts occurred in the Crossroads, Castle, and Wigwam series, they were not 
adequately documented for fallout. If a burst occurs in or over deep water, there is a fine aerosol of 
water created. Whether this aerosol penetrates far downwind, as would light particles, or forms 
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Fig. 5.11:2 Dose Rates Inside Structures without Basements 



larger particles and precipitates early, Is not established. In addition, a huge column of water is hurled 
up Into the air and It collapses Into the water not too far from ground zero. Preliminary Information 
from the Castle tests Indicate that the low dose rate contours would be larger and that the high dose rate 
contours would be smaller for a burst over or under water than for a corresponding burst over a land 

surface. 

Another burst point environmental factor which may sometimes be important is the presence 
of an isotope subject to neutron activation which can contribute significantly to the gamma radiation 
source. This has not yet been a serious problem. Activated calcium was found in some quantity after 
Castle Bravo, but In amounts small compared to the fission product source. Hie total dose measured 
after undersea bursts has not shown Important amounts of radiation resulting from sodium activation. 

Environmental factors in the neighborhood of the receiver can affect the dose in many ways. 
Heavy foliage can keep a portion of the source suspended. Rough terrain can shield out some effects 
of the active material shadowed by it. Drifting and blowing of the dust (like snow) by the ground level 
winds can cause local space and time variations which might increase or decrease the dose. (A re- 
ceiver in a structure on an essentially plane Bite would probably record a larger dose on account of 
drifting on the windward side of the structure.) A well -drained site would probably be subjected to a 
smaller dose If rain occurred during or after fallout and a poorly drained site would probably receive 
a larger dose. 
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Fig. 5.11:3 Dose Rates. Inside Structures with Basements 



It U clear that environmental factors, both at burst and receiver point, can substantially In- 
fluence the dose. Further, while environmental factors at the receiver should Influence operational 
decisions, they are not Intrinsically of a nature to lend themselves well to a priori quantitative de- 
scription. 

5.13 NEUTRON-INDUCED ACTIVITIES 

A second possible source of radioactive fallout material, in addition to the active fission pro- 
ducts, Is material activated by bomb neutrons. These neutrons can be captured In nearby materials, 
leading to the formation of new isotopes which are sometimes radioactive. There are three kinds of 
neutron-induced activities to be considered In weapons effects, namely: 

1. activities induced In materials normally present in the bomb, 

2,- activities induced in materials deliberately added to the bomb to increase its radiological 
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hazard, and 

activities induced In materials In the environment in which the bomb Is exploded. 



By far the most Important Induced activities observed to date are those resulting from the 
capture of neutrons In the U* M and U** 1 normally present In the thermonuclear weapon. According to 
the observations made In the Castle series, ** these activities comprise a significant part of the fallout 
radiation source at timeB of the order of 30 min, and the major part at times of the order of 3 days. 
(These contributions came from the U 1 " - Np ls> chain formed from the capture of a neutron by U*". ) 
Other standard weapon materials do not appear to contribute importantly to the residual gamma radia- 
tion source. It is possible, however, that Borne portion of the initial gamma radiation source may 
come from (n, y) reactions in weapon materials. 
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There has as yet been no experience with activities Induced In material* placed In the bomb 
deliberately for that purpose. The possibility that a material exists which is practical for that purpose 
cannot now be dismissed. 

In both the Marshall Islands and Nevada, activated earth materials have been detected. *■% *' 
The quantity of this kind of activity has been only a few percent of the total activity produced by the 
bombs. Even in the base surges and in the craters of underground bursts, where one would expect such 
activity to be most concentrated, It has not appeared in very significant amounts In comparison wtth 
the fission product contribution (at least in those surface regions where observations were made). It 
has been found, however, that for air bursts, where there Is no fission product fallout, the neutron- 
induced activity at ground zero may be Important. The area around ground zero affected by this neu- 
tron-Induced activity, resulting from either ground or air bursts of a given weapon, is small compared 
to the area affected by ground -burst fallout radiation from the given weapon. It Is rather difficult to 
conceive of other situations where the capture of neutrons In environmental materials would contribute 
importantly to the residual radiation. 



5.14 REFERENCES 



1. S. M. Greenfield et si. R-265. July 1054. (Secret) 

2. C.E. Adams etal. USNRDL-374. Nov. 1952. (Secret) 

3. 'M.G. Schorr. Technical Operations, Inc. Private Communication. April 1955. 

4. R.W. Paine, Jr. AFSWP-895. Jan. 1955. (Secret) 

5. N.M. Lulejian. AHDC. Private Communication. Aug. 1955. 

6. R.R. Rapp. AFSWP-895. Jan. 1955. (Secret) 

7. R.R. Rapp. Rand Corp. Private Communication. May 1955. 

8. W.W. Kellogg. RM-1378-AEC. Nov. 1954. (Secret) 
0. F.H. Clark. NBA 39-25. April 1956. (Unclassified) 

10. N.E. Ballou. AFSWP-895. Jan. 1955. (Secret) 

11. S. M. Greenfield et al. RM-1676-AEC. April 1956. (Unclassified) 

12. D.C. Borgetal. AFSWP-507. May 1954. (Secret) 

13. E. R. Schuert. AFSWP-895. Jan. 1955. (Secret) 

14. C. F. Esanda et al. USNRDL-TR-1. Sept. 1953. (Secret) 

15. P. I. Richards. Technical Operations Inc. Private Communication. Aug. 1955. 

16. R.W. Paine, Jr. AFSWP. Private Communication. Oct. 1955. 

17. E.B. Doll and H.K. Gilbert. TTR-1153. June 1955. (Secret) 
16. C.6. Cook. AFSWP-895. Jan. 1955. (Secret) 

19. C.S. Cook. TTR-1117. May 1955, (Confidential) 

20. F.H. Clark. NBA 27-39. Feb. 1955. (Unclassified) 

21. A.J. Breslin. NYO-4682-A. Dec. 1955. (Unclassified) 

GENERAL REFERENCES 

a. E.P. BUzardetal. ORNL-1575. July 1954. (Secret) 

b. H. Goldstein and J. E. WilJdns, Jr. NYO-3075. June 1954. (Unclassified) 



y 



Chapter 6 
RESIDUAL BETA RADIATION 



6.1 INTRODUCTION 



Detonation, tests of about 100 nuclear weapons ranging In yield from 1 KT to 15 MT have estab- 
lished the fact that the larger weapons, of the order of 0. 5 MT or more, can contaminate a large area 
downwind by fallout of radioactive debris. In those cases where fallout becomes a serious problem, the 
Ionization produced by beta particles emitted by the radioactive debris may, under certain circumstan- 
ces, create a more serious biological hazard than the accompanying gamma radiation. The beta hazard 
can only occur when personnel are in close proximity to or are substantially unshielded from fallout 
material; distances from the source of the order of 10 ft in air or shielding thickness of the order of 
0. 5 gm-cm" 2 are usually sufficient to render the beta radiation alesser hazard than the gamma radia- 
tion. Some typical situations which may occur, (listed In order of probable decreasing importance) are: 

1. Irradiation of personnel as a result of fallout adhering to skin or clothing. 

2. Irradiation of personnel standing or lying on contaminated ground surfaces. 

3 . Irradiation of personnel in proximity to heavily contaminated massive objects (airplanes, 
ships) which have been exposed to the radioactive cloud. 

Since a beta hazard will be considered to exist only when it exceeds the p""» hazard, It is 
clear that the gamma radiation for various situations of interest must also come under scrutiny. 

As a first approxlmatlon,the disintegration energy of early time fallout is shared equally by the 
beta and gamma emissions. For example, the average gamma energy of fallout 4 hours after the bomb 
burst is about 1 Mev, the average beta energy is about 1 Mev, and there are about 1 . 5 betas emitted 
per gamma. Because of the vastly different absorption characteristics of betas and gammas, the rela- 
tive doses are not at all the same. In materials of low atomic number Buch as air or tissue, the linear 
energy transfer of a 1-Mev beta Is about 70 times that of a 1-Mev gamma. Thus, In the vicinity of a 
source of equal beta and gamma strengths, the beta dose may be 70 times as great as the gamma dose. 
On the other hand, because of the rapid dissipation of beta energy with distance in an absorbing medium, 
the beta flux and dose decrease much more rapidly than the gamma flux and dose. 

If humans were equally vulnerable to equal beta and gamma doses, the beta radiation hazard In 
the vicinity of sources would indeed be formidable. The disability dose for betas is still subject to 
disagreement; but a figure of 3000 to 5000 rep has won a certain degree of acceptance. * The disability 
gamma dose is commonly taken as ISO to 200 r.* Neglecting the small difference between rep and 
roentgen units, the range of situations for which the beta radiation is a hazard is then roughly limited to 
those for which the beta-gamma dose ratio Is greater than about 20. It should be emphasized that the 
evaluation of a relative hazard cannot possibly be determined by the beta-gamma dose ratio alone. The 
intrinsically different depth dose behavior of the two radiations, the difference in biological effect for 
a given exposure, and the difference in the effect with degree of exposure are decisive factors which 
must be considered In the determination of the relative hazard In each given situation. For example, 



si 



the gamma dose of Interest Is the total body dose. Though tt may be desirable to correct the surface 
gamma dose by a small factor to account for g""""" attenuation In the body, the correction Is not sensi- 
tive to source geometry and orientation of the body because of the high transparency of tissue to gamma 
rays. (Low energy gammas are not considered.) On the other hand, the beta dose can always be re - 
garded as a surface dose. The shielding effects of various parts of the body are In this case complete 
and the resultant dose Is quite sensitive to the orientation and distance of the body surface with respect 
to the source. Consequently, a subject exposed to a ground source of betas will experience an exposure 
analogous to a sunburn received by a man standing on bis head on a hazy day at noon. Although we can 
make predictions about the effects of a local beta exposure, It is somewhat difficult to define the gross, 
over-all effect of a varying body exposure to betas. 

Because the biological effects of betas and gammas are so different, the use of the concept "rela- 
tive hazard" may be somewhat questionable. The incapacitating effects of betas can be compared to 
burns of various degrees: reddening, blistering, and permanent destruction to the skin and sub- tissues. 
The Incapacitating effects of gammas may be roughly Indicated according to degree as fatigue, nausea, 
general disability, and death. The time required for the Incidence of these effects is much greater than 
in the case of beta radiation, perhaps 5 to 10 times as long. The resultant weighting of such effects 
with their associated time delays in order to formulate a judgment about a set "relative hazard" in the 
form of one of these radiations is a complex business. Furthermore, even If a relative hazard should 
be considered to exist for one of the radiations, the hazard may shift If the doses are Increased in 
equal proportion. A 3000 -rep beta dose over the lower half of the body might well be considered a 
greater hazard than a 100-r gamma dose. E both doses are scaled upward by a factor of four, however, _ 

It is unlikely that a 12000-rep beta dose would have the lethal effects of a 400-r gamma dose, In general, 
an increase of the radiation level will tend to shift the hazard to gammas. Situations for which a rela- 
tive beta hazard can occur would require a gamma dose less than the order of 200 r. 

The existence of situations where an independent beta radiation hazard existed was first pointed 
out in 1949 by Conditj Dyso n and Lamb. 2 Such situations have subsequently occurred. Probably the 
most significant one isihe contamination of the populated atolls of Rongerlk, Rongelap, Alinglnae, 
and Utlrik by fallout from the Castle Bravo shot in March 1954. The major biological disabilities ex- ) 

perienced by the natives were all produced by beta radiation, the beta exposure being a consequence of 
direct contamination of the skin and clothing. 

One should not conclude from the above event that contact exposure to fallout Is necessarily a 
beta hazard. A total exposure slightly greater than that which occurred would have resulted in the in- 
cidence of lethality by gammas. In addition, the medical complications from the total body gamma dose 
were potentially serious. Furthermore, taking protection Indoors or prompt bathing would have elimi- 
nated or greatly mitigated the beta hazard. The effects of the Marshall Islands fallout clearly indicate, 
however, that contact exposure of Individuals to fallout which does not produce too high a gamma level 
can result In situations which are primarily a beta hazard. (There exists a possibility that some of 
the dose is due to very low energy (less than 50-kev) gammas rather than betas but the evidence 
presently available Indicates that this Is probably not the case. Thus calculation 4 of the fission pro- 
duct gamma spectrum has shown that there are very few low energy gammas; experiments have shown 
that the attenuation of the "soft" component of the dose appears to resemble beta particles in the Mev 
range rather than very low energy gammas. 5 ) 

There is some experimental Information available on fallout situations where the importance of 
betas relative to gammas Is marginal rather than clear-cut. The Interpretation of these data is not 
decisive, however. One of the objectives of the succeeding paragraphs is to sketch In greater detail 
the beta dose and relative hazard in these marginal situations where both beta and gamma radiation 
may be important. 

The beta and gamma fallout doses are dependent on the activity and energy spectra of the source, 
on the geometry, and on the nature and thickness of the intervening absorbing medium. Although a great 
deal of information does now exist, the results required to fill in the detailed picture are not complete. 
Furthermore, much of the information on hand is not consistent. One can only attempt to arrive at 
"best" or most consistent values of the beta dose, and the absolute accuracy of such values must be 
considered tentative. In view of the conditional nature of the conclusions, a policy of simplification has ' 
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been pursued. A* an example, geometrical considerations bare been confined to the case of Infinites - 
tmally thin, plane iaotrepic sources shielded by plane absorbers. For this geometry, there exist 
sufficient calculations and measurements to make detailed statements about the beta dose and the beta- 
gamma ratio. Furthermore, In view of the limited range of beta particles and the Intrinsically large 
extent of the fallout, this geometry appears to be a reasonable approximation for most operational situ- 
ations. There are factors which may Invalidate this approximation, such as the roughness and finite 
extent of the real source surface. More Important may be the finite and even large size of the fallout 
source particles. Large particles tend to decrease the beta relative to the gamma source strength due 
to self -absorption, and to change the source angular distribution from Isotropic, particularly for the 
betas. The Importance of these factors is presently unknown. 

Point geometrical sources In spherical geometry are of much lesser significance titan infinite 
plane Isotropic sources and have been considered to a limited extent only. The extensive calculations 
required to handle intermediate geometries, such as finite plane sources, are not available at this time. 

The determination of the beta dose and the accompanying gamma dose under various situations 
Is conveniently presented In the following sections: 

6. 2 Radiation Source Characteristics 

6. 3 Beta-Gamma Dose Ratio at the Source 

6.4 Beta Depth Dose Behavior 

6.5 Beta-Gamma Biological Hazard 

6.6 Miscellaneous Internal Effects. 

Section 6. 2 considers the beta and gamma energieB and activity ratios of the source. These are 
sufficiently time-dependent to require a time -dependent description. In view of the range of measured 
and calculated beta-gamma dose ratio values for various situations, Section 6.3 presents a standardized 
set of values for a clear-cut geometrical situation without the effects of absorbers. The effects of ab- 
sorbers, such as air and clothing, are considered In Section 6.4. Biological effects and estimates of 
disability doses are briefly discussed in Section 6. 5, and situations where Internal beta radiation might 
be considered a hazard are covered In Section 6. 6. 

6. 2 RADIATION SOURCE CHARACTERISTICS 

The relative beta and gamma doses are dependent on the beta and gamma energy spectra and 
beta-gamma activity ratios of the radioactive fallout source. The activity ratio Is defined as the ratio 
of the number of beta particles to gamma rays produced by the source. An accurate description of the 
energy spectra and activity ratios over the time interval of Interest (1 hour to 30 days) would be com- 
prised of a f ormldahle amount of data but much of this Information Is not available at the present time. 
Much effort has been expended In field measurements of the spectra, but the measurements have been 
handicapped by instrumental limitations. The use of improved techniques suchas scintillation spectro- 
metry 6 are encouraging and give promise that accurate spectral distributions for the complete time in- 
terval will ultimately be available. 

The picture Is also rendered difficult by the phenomenon knows sb fractionation. The concen- 
tration of the condensed nuclides is largely determined by the history of diffusion of their ancestors 
and their physical and chemical properties at the time of condensation. These are selective proper- 
ties. As an extreme example, nuclides such as krypton and xenon, which are noble gases, cannot 
condense until they have decayed into rubidium and iodine, respectively. Thus, the concept of a stand- 
ard composition source (at a particular reference time) is somewhat tentative. Though the significance 
of fractionation must be conceded, the incorporation of this somewhat random variable as a modifying 
parameter of the source energy distribution is not feasible at this time. 

To circumvent the lack of detailed knowledge of the energy spectra, It has been customary to 
speak of "effective" average gamma ray energies and "effective" maximum beta ray energies as 
functions of time. These effective energies are those single values of the beta and gamma energies 
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which characterize the entire beta and gamma spectra. Once such effective energies are established 
it is possible to treat both the beta and gamma sources as monoenergetlc. This is the approach fol- 
lowed In the present treatment. Thus Fig. 8.2:1 is a graph of the effective maximum beta energy, 
effective average gamma energy, and the average beta-gamma activity ratio as a function of time after 
fission. The figure is taken bodily from a report of Sondhaus ? and will be used as a standard. The 
Sondhaus curves are neither exact nor up-to-date but they do present the information which is most 
useful for estimating the beta-gamma dose ratio and the beta depth dose attenuation. For times great- 
er than one hour, the curves are based on activity calculations of Hunter and Ballou 8 for standard 
fission products; the shorter time values are based on measurements of fission products. 
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Figure 6. 2:1 Beta-Gamma Activity Ratio, ami Beta and Gamma Effective Energies at 
the Source as a Function of Time after Fission. Dashed line Is estimated. 



In order to determine the effective average beta energy from the effective maximum or endpoint 
values it is necessary to know the shape of the beta energy spectrum and therefore the type of decay 
transition which occurs. For present purposes the decay transition known as "allowed" will be as- 
sumed together with the resulting relationship between maximum and average beta energy. While 
this relationship varies with the atomic number as well as with the maximum beta energy, a reason- 
able value for present purposes is 



E„ = 0.36 E„ 

0ave max 



(6.2:1) 



Calculations by Condit et al indicate that the composite spectra do have some resemblance to allowed 
beta spectra for times less than 30 days. 
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6. 8 BETA-GAMMA DOSE RATIO AT THE SOURCE 

The most practical limiting geometrical situation for which the beta-gamma ratio is of interest 
is the infinite plane isotropic source; this simulates fairly well situations which involve a contaminated 
ground surface or contamination adhering to the skin. In many practical situations the beta dose may 
be significantly reduced by the distance of the body tissue from the source and by shielding by clothing 
and by the body itself. These effects are considered in Section 6. 4. In the following paragraphs the 
object is to determine the beta-gamma dose ratio at the source. 

Previous values of the beta -gamma dose ratio range from 40:1 to 157:1. Tochilin and Rowland* 1 
obtained the 157:1 value from a fallout sample using a calibrated thin walled, parallel plate ionization 
chamber. Tochilin et al ° obtained an average value of 100:1 using film stacks set below fallout sam- 
ples in the field. Goulding and Cowper, " using a combination of measurements and calculations, ob- 
tained a value of 150:1. The early estimates of Condlt et al^ gave a ratio of 150:1 but the calculations 
were more in the nature of estimates. Later calculations of Teres! and Broido 1 ^ gave a value of 40:1, 
based on a beta -gamma activity ratio of 1. 

Brennan^ obtained the ratio 10:1 for the quantity 

D *P + D >P 

where D»p and Dyp are the beta and gamma doses to the papillary layer of the human skin, and D . is • 
the dose measured by a film badge in the shoulder position. This has led to some confusion, since it 
is not a beta-gamma ratio per se. It is not necessarily inconsistent with other measurements or with 
the calculations in the present document. 

Imrie and Sharp 5 measured the beta-gamma dose ratio using miniature thin walled ionization 
chambers at the surface of or within simulated human phantoms. Close to the source plane the beta- 
gamma dose ratio for the first day after the burst was reported as 50:1. 

One would expect a range of values for the beta -gamma dose ratio because of varying energies 
and compositions of the source, but it seems unlikely that these variables should account for more 
than a 2:1 spread. Differences in source-detector geometry may also be a factor responsible for part 
of the spread. Further investigation seems to be indicated. 

Accurate physical data and rigorous calculations now exist for computing the beta and gamma 
doses for both point and plane isotropic sources imbedded in a uniform absorbing medium when the 
source strengths and energy distributions are known or can be estimated. Back -scattering due to 
medium discontinuities and thick sample effects for the beta sources are perturbations which will be 
encountered in the field and which will, in general, tend to decrease the beta dose from the values 
calculated for the geometries described above. These factors not withstanding, for estimating the 
beta hazard at the present time the calculations are more reliable than the measurements. 

It is instructive to indicate first how the beta-gamma dose ratio can be estimated cloBe to a 
monoenergetic point isotropic source in air. If a 20-hr time after the bomb burst is chosen, Fig. 
6.2:1 gives an effective maximum beta energy of 1.7 Mev, an effective average gamma energy of 
0. 75 Mev, and an average beta-gamma activity ratio of 1. 1. With an effective maximum beta energy 
of 1. 7 Mev and assuming the allowed spectrum, the effective average beta energy is 0.6 Mev. 

Close to a point isotropic source of 0. 6-Mev beta particles in air the beta dose rate in units 
of erg-sec'-gm" 1 is 



P t 8 $ t 1 - 71 )^ 0.28xlO-»S fl 
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where 

k„ » 0. 24 x 10* Mev-erg" 1 

Pj3i ■ stopping power for betas in standard density air, Mev-cm^-gm" 1 

So =■ source strength, betas produced-sec* 1 

R = distance from point source, cm 

For 0. 6-Mev betas 1 * Pg, is 1. 71 Mev-cn^-gm" 1 . 

The unscattered gamma dose rate close to an isotropic point source of 0.75 Mev gammas in air 
is 



da,ES v <3. 7x10-*) (0.75) B y 0.35xl0- T S y ^ 

D * 1 - = r -£*— - (6.3:2) 

uy 4*R 1 k u d # 411^(6. 24 x 10"*) (1.29 xl0"») 4*1? " C ~ Bm 

where 

u a , - linear energy-absorption coefficient for gammas in standard density air, cm' 1 

dj = density of air at standard conditions, gm-cm** 

E = gamma energy, Mev 

By - source strength, gammas produced-sec -1 

For 0. 75-Mev gammas 15 Mj, is 3. 7 x 10" 1 cm" 1 . 

Close to the source the scattered contribution to_the gamma dose is small (1. e. , the buildup 
factor is close to 1) and the value derived above for the unscattered gamma dose rate may be taken 
as the total dose rate i)y. Thus the ratio of total beta to total gamma dose close to the isotropic source ) 

point in air and taking into account the beta-gamma activity ratio of 1. 1 is approximately 

D 0. 28 x 10"' S 

_J_ = L = (80) (1.1) = 88 (8.3:3) 

Dy 0.35xlO M Sy 

The dose ratio given above is expressed as the ratio of ergs per gm of air (due to betas) to ergs 
per gm of air (due to gammas). This is identical to a ratio expressed in terms of rep of betas per r 
of gammas in air. The same numerical values may, however, also be taken to represent the ratio in 
terms of rep of betas per r of gammas in tissue, as only a small error is introduced by this assump- 
tion. 

These estimates are naturally limited in accuracy by the accuracy of Fig. 8.2:1. A rigorous 
calculation which properly takes into account electron energy degradation and detail* of the beta spec- 
trum is given by Spencer. 1 * He obtains a beta dose rate D« in the vicinity ef the source which is about 
20 percent larger than the result obtained above tor monoenergetic betas. Thus 

0. 34 x 10"* 8 

The dose computed for monoenergetic betas is low primarily because the low-energy beta component 
of the spectrum has a greater energy loss per unit path length. 

Using fencer's value, the beta-gamma ratio tor 20-hour point source isotropic fallout is i 
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Calculation of the beta -gamma dose ratio for an Infinite plane source is complicated by certain 
practical and theoretical difficulties and no adequate analytical treatment for this ratio is presently 
available. Under these circumstances only an approximate, admittedly incomplete, treatment Is pos- 
sible. This method Is naturally not unique but It Is believed to be the most appropriate for simple cal- 
culations at this time. 

What is done is to take the gamma dose calculated at a distance of 3 ft for an infinite isotropic 
plane source of zero thickness and to define this as the gamma surface dose. This assumes that the 
gamma dose does not increase appreciably between 3 ft and the source surface, a reasonable assump- 
tion for real surface sources, although Incorrect for ideal surfaces. Since 3 ft of air can appreciably 
reduce the dose from a low energy beta source, this dose is taken at a much closer distance. The 
analytical beta dose determined by Spencer** for finite distances from the source surface is extrapola- 
ted to yield a finite result at zero distance; this procedure will define the surface beta dose. 

For an Isotropic infinite plane source of zero thickness the unscattered gamma dose rate in air 
is given by 16 
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where 



Sy/A = source strength, gammas produced-sec^-cm" 1 

Ei(^tjy) s exponential integral 

fju = total linear attenuation coefficient for gammas in standard density air, cm -1 

y = height of receiver above source plane, cm 

r ■ slant distance from the receiver to a point in the source plane. 

Using values appropriate tothe 20-hr point, Mtj =0.87 x 10"* cm -1 and the unscattered gamma dose rate 
3 ft from the source surface is 

(3. 7 x 10"*) (0. 75) (Sy/A) _ , ere 

D Uv = - - — (4.25) = 0.74xlO" T (Sy/A) . erg , (6.3:7 

Ur (2) (6. 24 x 10») (1. 29 x 10~») sec-gm 

The dose buildup factor which corrects for the contribution of the scattered radiation has the value 1.91 
at 3 ft 17 . The total gamma dose rate is therefore 

DL-d.31) (0.74x10^ {SjA) = 0.97 x 10" T (Sy/A) -^ — (6.3:8) 

7 r sec-gm 

The beta dose rate for an isotropic Infinite plane P* 1 source (corresponding to a maximum beta 
energy of 1. 7 Mev) Is given by Spencer for finite distances from the source. Extrapolating the dose to 
zero distance yields a beta dose rate of 
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where So/A" source strength, betas produced-sec^m -1 . The value of 2.0 x 10* was obtained by linear 
extrapolation on a plot of differential energy dissipation as a function of distance from the source plane. 
The extrapolation was carried out from a distance corresponding to 50 mg-cm -1 

Converting this to the same units as the gamma dose rate yields 

(2.0xlO l )(S fl /A) 

ty I 0. 54 x 10-» (S fl /A) -£*-- (6. 3:10) 

» 3.7X10" p 8ec -* m 

The beta -gamma dose ratio close to the source plane is then 

D, 0.54xlO-*(S^/A) 0#54xl(r . 



Dy 0. 87 x 10 _T (fl^/A) 0. AT x 10" T 



(1.1) = 61. (6.3:11) 



These values, strictly speaking, hold only for me 20-hour time point. This time was chosen 
for the specific example because of the explicit Speucer beta dose calculation for an endpolnt energy 
of 1.7 Mev. 

It Is Interesting to note that the beta -gamma dose ratio, as calculated above, Is not extremely 
sensitive to source geometry. The point Isotropic source value Is less than twice the plane isotropic 
source value. Since almost all field situations will be effectively more analogous to the plane isotrop- 
ic source, the plane isotropic value can be used with reasonable accuracy for all situations. 

Although one would a priori expect the beta-gamma dose ratio to be time-dependent because of ^ 

the time dependence of the energies and the activity ratios, It bo happens that the dose ratio, to a fairly 
good approximation, Is Independent of time. The beta dose at the source should be fairly independent 
of energy with regard to the energies actually encounterd. This Is because the only factor determln - 
ing the beta dose which is energy dependent is the energy loss term(Btopplng power Po,) and mis term 
is quite constant from 10 Mev down to 0. 4 Mev. At lower energies it does Increase, reaching roughly 
twice the minimum value at 100 kev. The range at this energy is, however, only 16 mg-cm -1 . Betas 
with this energy or less are not biologically significant, since they can barely penetrate the akin; furth- 
ermore, they will be heavily absorbed by the source. Since most of the betas are emitted within the 
energy interval of constant energy loss, the beta dose at the source surface (and particularly the sig- 
nificant non-low energy component) can be taken as independent of beta energy. 

The gamma dose does vary with gamma energy and thus with time. The beta-gamma activity 
ratio, however, which also enters into the dose ratio and Is time-dependent, varies nearly as the 
gamma dose and effectively eliminates the variation of the dose ratio. 

For idealized infinitely thin plane isotropic sources, the beta-gamma dose ratio can therefore 
be considered to be substantially constant (from 1 hour to 30 days after the time of burst). The values 
of the dose ratio for plane sources obtained by several Investigators from both experimental measure- 
ments and theoretical calculations vary from about 40 to about 160. As noted previously, the calcula- 
tion^ results appear to be more reliable and are weighted accordingly. Thus, the best all-around 
compromise value of -the beta -gamma dose ratio seems to be of the order of 70 and this value will be 
used throughout. 

6. 4 BETA DEPTH DOSE BEHAVIOR 



For many situations it is important to determine the attenuation of the beta dose produced by 
intervening material such as air or clothing. More massive materials, such as building walls or even 
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a 1/4 -in. slab of plywood, will effectively shield out all the betas. Thicknesses of absorbers capable 
of attenuating the beta dose by a factor of 100 do not appreciably attenuate the gammas. 

Fig. 6. 4:1 Is based upon an allowed beta energy spectrum and gives the attenuation of the beta 
dose as a function of absorber thickness and maximum beta energy*®. The curves are the results of 
measurements on stacks of film exposed to beta emitters Ta 1 **, RaD + RaE, P** t ■*•*, and Ba ut with 
endpolnt energies of 0. 5, 1.0, 1. 7, 2.3, and 3.4 Mev, respectively. The geometry Is that of the in- 
finite plane Isotropic source with slab absorbers. The P* 1 depth dose film measurement curve is in ex- 
cellent agreement with the P* 1 calculations of Spencer 14 and Independent P* 1 measurements of Loevinger 14 
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Figure 6. 4:1 Beta Depth Dose Curves for an Infinite Plane Isotropic Source Given as a 
Percentage of the Dose at the Surface. 



when the beta dose rate at zero distance from the surface source is taken as 1 x 10* ergs-cm : -curie~ J - 
sec~ l -gm -1 . It is noted that the experimental setup uBed to obtain Pig. 6. 4:1 is not necessarily a com- 
pletely valid modelfor the actual operational situation since problems like self -absorption by contami- 
nated particles remain unevaluated. The precise value of the dose in the vicinity of the source will 
always be somewhat ambiguous because of such varying characteristics of the source; nevertheless , 
by forcing the curves to agree for large absorber thickness one retains confidence in the value of the 
dose at finite distances . 

Fig. 6. 4:1 contains a double abscissa (maximum beta energy and time after detonation) and a 
double ordinate (mg-cm -1 and feet of air). The correlation between maximum beta energy and time 



alter detonation Is taken from Fig. 6.2:1 while the air scale is based on the standard air density of 
0.001293 gin-cm" 1 . 

Assuming a beta-gamma dose ratio of 70:1 and the depth dose behavior of Fig. 6. 4:1, one can 
make specific statements about the beta hazard for many situations of interest. What is done is to 
calculate the attenuation of the beta dose by the materials (air, clothing) between the source and the 
point of interest and multiply this by the known gamma dose at the point of interest, the beta-gamma 
dcse ratio at the source, and a geometrical correction factor. This procedure assumes that there is 
no attenuation of gammas between source and the point receiving the dose. 

It should be noted that the procedure outlined Is applicable to the calculation of the beta dose 
rate only for relatively simple geometries and where the corresponding gamma dose rate is known. 
For example, it can be used to predict the beta dose rate to a man standing or lying on a contaminated 
field or in proximity to a contaminated ship or aircraft. For the important situation where fallout 
particles have adhered to the skin or clothing this calculational procedure Is not useful. Indeed, in 
view of the wide range of possible source particle distributions and strengths It Is difficult to conceive 
of any calculational procedure that Is valid. The most that can be said is that when the skin and cloth- 
ing have become contaminated as a result of the man lying in the contaminated field or by being exposed 
to the falling particles, the beta dose rate received due to such contamination is probably less than 
that received while lying in the field. However, since the time period during which the mans skin and 
clothing are contaminated may be much longer than the period during which he lies in the field, even 
this conjecture may not be particularly helpful. 

For a clothed man standing on contaminated ground, a vertical cylinder can serve as a rough 
geometrical model. Since the body absorbs all betas, the vertical body surfaces have a line-af -sight 
view of only half of the source plane. Qammq rays are much more penetrating and points within or at 
the surface of the body see essentially the entire source plane. Thus the effective beta-gamma dose 
ratio should be reduced by a factor of approximately two or to a value of 35:1. Typical clothing weights 1 ^ 
In mg-cm -1 are: undershirt 17, shorts 12, shirt 29, trousers 77, field jacket 186. Assuming the man 
is clothed with the above Items, the dose ratio at various parts of the body is obtained by taking into ac- 
count the attenuation produced both by air and by clothing. 

It is evident that for all times of interest the light articles of clothing offer no significant shield- 
ing protection against betas. Furthermore, the epidermal layer of skin (about 10 mg-cm -1 ) can be 
ignored as a beta shield. 

If one assumes an Independent beta hazard to exist for situations for which the beta-gamma ratio 
is greater than 20 (4000 reps of betas as compared with 200 roentgens of gamma radiation), and if one 
also assumes the surface beta-gamma ratio to be 70:1, then the area in Fig. 6. 4:1 below the 30 percent 
curve corresponds to such situations. For vertical body surfaces where the 35:1 surface beta -gamma 
ratio applies, the corresponding area Is that below the 60 percent curve. 

PROBLEM 1 

A man stands erect on an Infinite plane surface completely contaminated by fisBlon products. 
The following facts are known: weight of clothing per square centimeter, height of various parts of his 
body, time elapsed since bomb burst, and average gamma dose rate that he is receiving. 

Compute the beta dose rate at the surface of various parts of his body. 



Solution 



1. Take the surface source beta-gamma ratio to be 70 rep-r . 

2. From the average height of each body area of Interest, compute the equivalent air absorption 
weight in mg-cm" 1 . 

3. Compute the clothing weight at each body area in mg-cm" 3 . 

4. Find the total absorber weight by adding the results of steps 2 and 3 above. 
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5. In Fig. 6. 4:1, read the abscissa at time after bomb burst and the left ordinate at total ab- 
sorption weight for each body area. The Intersection of these two coordinates gives the beta- 
gamma dose ratio for an Isolated shielded point as a percentage of the Infinite plane isotropic 
source surface dose ratio. 

6. It la necessary to apply a geometric correction factor since the affected areas are not iso- 
lated points for beta radiation. Any point on the upright man's body surface is shleldedfrom 
the beta radiation of one-half the plane by the body itself. This is not, however, true of the 
gammas. The correction factor is therefore one-half. 

7. The beta dose rate to an affected area is therefore given by: average gamma dose rate 
(r-hr" 1 ) a Infinite plane Isotropic surface source beta-gamma dose ratio (rep-r" 1 ) * ab- 
sorption correction (expressed in percent of surface dose ratio} x geometric correction. 

These factors come respectively from the given data and steps 1, 5, and 8 of the solution. 
Example 



A man stands erect In an infinite plane field contaminated by fallout. His clothes with typical 
specific weights are: 



Article 



Weight, 
mg-cm 



-i 



undershirt 


17 


shirt 


29 


field jacket 


166 


shorts 


12 


trousers 


77 


lominal heights are: 




Area 


Height, ft 


calf 


1 


thigh 


S 


chest 


4 


face 


5 



The time elapsed since burst is (a) one hour and (b) two days and the average gamma dose he is receiv- 
ing Is for each case 100 r-hr -1 . 

Compute the beta dose rate at the surface of the given body areas. 

1. The source surface beta -gamma ratio is taken as always being 70 rep-r" 1 , 

2.- The equivalent air absorption weights computed for each of the areas at 40 mg-cm~ 1 -ft -1 



above ground are: 



Area 

calf 

thigh 

chest 

face 



Air Weight, 
mg-cm" 1 

40 

120 

160 

200 



199 
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3. The clothing absorption weights are: 





Clothing Weight, 


Area 


mg-cm" 1 


calf 


77 (trousers) 


thigh 


89 (trousers, shorts) 


chest 


232 (jacket, shirt, undershirt) 


face 





4. The total absorption weight for each area is: 






Total Weight, 


Area 


mg-cm* J 


calf 


117 


thigh 


209 


chest 


392 


face 


200 



5. The absorption corrections on the beta -gamma dose ratio of the two times selected are 
from rig. 6.4:1: 



Area 

calf 
thigh 
chest 
face 



Absorption 
Correction 

1 hour 2 days 



0.78 


0.22 


0.56 


0.045 


0.27 


0.00 


0.56 


0.05 



6. Since the body shields out half the field, the geometric correction factor is one-half. (The 
inner surfaces of the calf and thigh would receive more shielding and have a smaller factor, 
but this effect will be ignored. ) 

7. The beta dose rates by body areas for one hour and two days respectively, are: 



Time 




Gamma 


Surface 






Beta 


After 




Dose Rate, 


Dose Ratio, 


Absorption 


Geometric 


Dose Rate, 


Burst 


Area 


r-hr" 1 


rep-r" 1 


Correction 


Correction 


rep-hr"' 


1 hour 


calf 


100 


70 


0.78 


0.5 


2730 




thigh 


100 


70 


0,56 


0.5 


1960 




chest 


100 


70 


0.27 


0.5 


945 




face 


100 


70 


0.56 


0.5 


2030 


2 days 


calf 


100 


70 


0.22 


0.5 


770 




thigh 


100 


70 


0.045 


0.5 


158 




chest 


100 


70 


0.00 


0.5 







face 


100 


70 


0.05 


0.5 


175 



200 
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PROBLEM 2 



A man lies prone In a field contaminated by fallout. The following facta are known: weight of 
clothing per square centimeter, time elapsed elnce bomb burst, and average gumma dose rate that he 
la receiving. 

Compute the body surface beta dose rate. 



Solution 

1. 

2. 
3. 



Take the source surface beta-gamma ratio as 70 rep-r" 1 . 

Compute the clothing weight In mg-cm" 1 at each body area. 

Head from Fig, 6.4:1 the absorption correction to the beta-gamma dose ratio at the time 
given and at the clothing absorption weights computed in step 2. 

Geometric factor is assumed to be 1 for those parts of the body facing the ground, for the 
' other parts. 

The beta dose rate Is then given by: average gamma dose rate (r-hr -1 ) x infinite plane iso- 
tropic surface source beta-gamma dose ratio (rep-r" 1 ) x absorption correction x geometric 
correction. These factors come respectively from the given data and steps 1, 2, and 4 of the 
solution. 



Example 

A man lies prone in a field contaminated by fallout. The clothing on the covered areas of his 
body is uniformly 200 mg-cm -1 . Five hours have elapsed since bomb burst and the average gamma 
dOBe he Is receiving is 100 r-hr" 1 . 

Compute the body surface beta dose rate. 

1. Take the surface source beta-gamma ratio as 70 rep-r -1 . 

2. Clothing weight on covered areas is 200 mg-cm" : and on bare areas Is mg-cm -1 . 

3. From Fig. 6.4:1 at 5 hours: 



Clothing Weight, 
mg-cm' 1 

200 





Absorption 
Correction 

0.54 

1.0 



4. The dose to the part of the body facing the ground gets no geometric reduction (factor of 1). 
Geometry is assumed to reduce dose to other parts to Q. 

5. The beta dose rate to parts of the body facing the ground is given by: 



Gamma 



Surface 



Beta 



Dose Bate, Dose Ratio, Absorption Geometric Dose Rate, 
Area r-hr" 1 rep-r* 1 Correction Correction rep-hr" 1 



Area 

covered 

bare 



100 
100 



70 
70 



0.54 
1.0 



1 
1 



3780 
7000 



PROBLEM 3 

A man stands facing a large object contaminated by fallout (ship, tank, airplane). The following 
facts are given: weight of clothing per square centimeter, distance from contaminated object, time 
elapsed since bomb burst, and average gamma dose rate he is receiving. 

Compute the body surface beta dose rate. 
Solution 

1. Same aB Problem 1 . 

2. Compute the air absorption weight from the given distance from contaminated object using 
40 mg-cm-Mt" 1 of air. The absorption weight is the same for all portions of the body. 

3. Same as Problem 1. 

4. Same as Problem 1. 

5. Same as Problem 1. 

6. The geometric factor is 1 for portions of the body facing the object, and for portions fac- 
ing away from the object. 

7 . Same as Problem 1 . 

Error 

In all the above problems, it is believed that the estimated probable error is a factor of about 
three. In some rather unimportant cases, the error can be much larger. For instance, where the geo- 
metric factor is taken as zero and scattering leads to a negligible but non-zero dose, the error is in- 
finite. 

6. 5 BETA-GAMMA BIOLOGICAL HAZARD 

Although the range 150-200 r has been generally accepted* » 18 as the gamma disability dose, 
the disability dose for betas has not yet been standardized. The value of 3000 to 5000 rep previously 
mentioned was taken from the Medical Officers Handbook. The criteria for defining a gamma dis- 
ability dose are much simpler. Gammas irradiate the entire body with a substantially uniform dose; 
betas produce a surface dose which cannot be expected to be constant over the body surface. The in- 
cidence of the disabling gamma symptoms, nausea, vomiting, and prostration, occur within a few 
hours. A value of 200 r will produce these symptoms in approximately half the members of a group. 
The disabling effects of a beta dose (such as the production of severe skin lesions) depend to an extent 
on the area of the skin affected and do not manifest themselves as rapidly; times of the order of two 
weeks are required for the production of lesions. 

It Is quite likely that the concept of beta dose alone is inadequate to predict the biological effects, 
and more extended information such as the beta depth dose curve in tissue may be necessary. For 
example, a 4-Mev monoenergetlc beta produces the same dose at the outer skin surface as a 0.4-Mev 
beta., but the total energy deposited in all tissue is 10 times greater. The depth dose curves given in 
Fig. 6. 4:1 can be used to sketch the depth dose curve In tissue as well as in other absorbers. 

6.6 MISCELLANEOUS INTERNAL EFFECTS 

Effects of internal beta radiation, such as the beta dose received in the lungs due to Inhalation 
of fallout or in the digestive organs due to Ingestion of contaminated food and water, are not ordinarily 
primary hazards as compared with the external beta and gamma dose. One exception lies in the case 
of insoluble particles inhaled and fixed in one position in the lung. This problem has not yet been 
successfully evaluated. Calculations of Sondhaus" indicate that, with this exception, the beta hazard to 
the lung is much less than the external total body gamma hazard. Studies^ of the natives of the Marsh- 
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Chapter 7 
THE ATOMIC CLOUD 



7.1 INTRODUCTION 

The nature of the atomic cloud enters in the following three ways into considerations of nuclear 
radiation from a bomb burst. 

1. The cloud is the source of most of the initial radiations. (Appreciable portions of the nitro- 
gen capture gamma source, however, originate in absorptions outside the cloud. ) Note that 
for this purpose the cloud is not distinguished from the fireball, which is its luminous - 
predecessor. 

2. The active material which deposits on the earth to produce the fallout pattern is generally 
considered as having its origin in the cloud. 

3. The cloud represents a highly radioactive portion of space which may on occasion be ap- 
proached or penetrated by manned aircraft. 

To evaluate the bomb radiation hazards associated with the cloud, it is necessary to have some 
understanding of the behavior of the cloud, its shape and position in space and time, and Its activity 
content and distribution. 

Section 7.2 presents e brief qualitative discussion of the mechanism postulated for cloud dy- 
namics while in Section 7. 3 observations and measurements of cloud heights and dimensions are sum- 
marized. The last two sections (7. 4 and 7. S) discuss the use of these data for calculations of fallout, 
initial radiation and cloud penetration by aircraft; emphasis Is necessarily placed on the last of the 
three because of the scarcity of adequate information for fallout and initial radiation calculations. 

7.2 CLOUD DYNAMICS 

There is yet no complete analytical description of cloud dynamics. There exists, however, a 
considerable body of observational data from which it has been possible to compose empirical relations 
and to formulate a qualitative description of phenomena, hi this description the cloud and the fireball 
will not be fully distinguished, but will simply be regarded as different stages in the life of the same 
phenomenon. 

The first phase in the life of the fireball is the tremendous expansion occurring at the time of 
blast. This initial expansion occurs very quickly, being essentially complete In less than one second. 
During this time motion within the fireball is completely turbulent. 

The next phase in the fireball history is a subject of some uncertainty, both as to its actual 
existence and its basic mechanism. *> 2 This phase is known as the hover tim e and Is a short period in 
which the top surface of the fireball appears to remain stationary. ' The hover time may be from 2 to 
5 seconds long. The explanation advanced is that there must be an appreciable time for the buoyant 
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forces to accelerate the fireball upward, these forces being Independent of the radial forces associated 
with the blast. If the hover time actually exists, the buoyant acceleration proceeds very rapidly once 
it starts, since the rising fireball attains its maximum upward velocity well within the first ten seconds 
after the blast. After this time, the speed of rise decreases quite rapidly so that in most bursts the 
cloud attains half its maximum altitude within 1 to 2 minutes after the burst, 3 although the correspond- 
ing maximum altitude is not reached for 4 to 10 minutes. *» 5 

It appears that during the first few seconds of fireball rise the internal motion of the hot gases 
comprising the fireball begins to evolve, from the initial turbulence into the characteristic toroidal 
rotation. The resulting general configuration of the fireball is that of a horizontal torus or doughnut. 
The rotatory motion is caused by the viscous frlctional drag of the stationary atmosphere on the outer 
surfaces of the rising fireball. The rotational movement is downward along the outside surface of the 
fireball, horizontally inward across the bottom, upward along the surface of the interior hole of the 
torus, and horizontally outward across the top. 

After 10 seconds or a little more, the ascending bubble cools to the point where it is no longer 
luminous; it is subsequently referred to as the cloud. ® The rotation, however, continues through this 
transition and long after. (There Is reason to believe that, in Borne cases at least, It persists until 
after the cloud has attained its maximum altitude. ) 

The rapid rise of the fireball/cloud creates a strong updraft below It. This updraft is greatly 
reinforced near the vertical axis of the torus by the toroidal rotation, which acts like a very powerful 
pump. 

If the burst occurs on the earth surface or sufficiently close to it, surface material is sucked 
up to form the familiar visible stem, which fans out below the cloud in a cone-shaped skirt with apex 
at the cloud bottom. From observation it appears that this material is drawn up into the hole in the 
torus, and falls back to earth in a veil around the stem. It is not believed that this material makes 
very intimate contact with the highly active bomb materials. ' In any case, it does not appear to be a 
very effective scavenger of active materials. 

As previously noted, the vertical thrust on the cloud Is provided by the buoyant forces of the 
atmosphere, since the cloud is hotter and is therefore less dense than the surrounding air. There are, 
however, a number of braking forces which slow and ultimately stop the rise of the cloud. One of these 
forces is the f Fictional resistance of the atmosphere to the passage of the cloud. As the cloud rises, 
its size increases and the frictional resistance opposing the rise likewise increases. The other braking 
forces all act to increase the average density of the cloud and therefore decrease its buoyancy in the 
surrounding air. The importance of the individual mechanisms varies with time. Thus, in the fireball 
stage it is likely that the main mechanism increasing the density is radiative heat loss, which lowers 
the average temperature. After the cloud stage is reached, there are three processes which operate 
to increase the cloud density. 

1. As the cloud rises it encounters lower atmospheric pressure and expands. In expanding, 
the cloud temperature decreases and the density increases. 

2. During the rise large quantities of air at ambient temperatures are entrained into the cloud; 
this air cools the cloud by mixing, 

3. The density of the ambient air and, thus, its buoyant effect decrease with increasing alti- 
tude. The air density is a function of both its pressure and temperature. Air temperature 
generally tends to decrease with altitude within the troposphere (the inner envelope of the 
earth's atmosphere) but the atr pressure decreases more rapidly, so the net effect is a 
decrease in density. In the stratosphere temperature increases and the pressure decreases 
with altitude so that the air density drops much more rapidly. 

The effect of variations in atmospheric conditions appears to be limited primarily to only one of 
the braking mechanisms described above. ? The atmosphere plays essentially no role during the radi- 
ative heat loss period and the decrease of air pressure with altitude is nearly the same for all burst 
environments. At present it is felt that the characteristics of the cloud rather than the surrounding 
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atmosphere determine the rate of entrapment of air. The only significant atmospheric variation 
from shot to shot is the variation of air density with height (which is essentially doe to variations of air 
temperature since the pressure change is, as noted above, fairly uniform). The probable control by the 
atmospheric temperature lapse rate over the maximum rise of the atomic cloud is demonstrated by the 
large number of shots which have stopped at the tropopause, by the several low-yield shots which have 
stopped at temperature Inversions in the troposphere, and by the formation of horizontal layers of stem 
material separated by stable layers of atmosphere. T 

The cloud finally stops rising when it comes into density (and therefore' thermal) equilibrium 
with its surroundings. This may occur within the troposphere but for high-yield weapons the cloud may 
penetrate into the stratosphere. If this penetration occurs, the final braking is somewhat expedited by 
the more rapid decrease of density with altitude in this region. (It should be noted that the equilibrium 
altitude and dimensions of the cloud at this equilibrium are In reality only temporary quantities. They 
are the values describing the cloud at the end of the rise period and before the normal dispersing pro- 
cesses of the atmosphere become important. ) 

It appears that the cloud sometimes overshoots the altitude at which It Is In density equilibrium 
with the surrounding atmosphere by a few thousand feet and then slowly sinks back to its stable level. 
The reason for this overshoot is not clear but it is believed that It may be attributed to inertia of the 
cloud mass, which causes a characteristic damped oscillation. The cloud sinks back to its equilibrium 
position when the gravitational and viscous atmospheric forces overcome these Inertial effects.^*** 5,8 

It has been frequently observed that clouds reaching their equilibrium altitude undergo a rapid 
and substantial lateral expansion or flattening. This expansion is attributed mostly to the thermo- 
dynamic requirement that all parts of the cloud reach approximately the same equilibrium elevation. 
The toroidal rotation may also have an influence on the effect, but this as yet has not been properly 

evaluated. 

For atmospheres containing appreciable amounts of moisture, another effect may require con- 
sideration. The moisture content (in the vapor-state) of the lower levels is of the order of 1 to 10 grams 
per kilogram of air. This moisture condenses at the lower temperature of the upper atmosphere to 
release about 600 calories of heat for each gram of water vapor. For Nevada shots the total amount of 
heat released probably does not exceed a value of the order of 0.1 KT of energy but for the pacific shots, 
where the moisture content of the air is much higher, the total energy release may be large enough to 
be important. 

7. 3 CLOUD HEIGHTS AND DIMENSIONS 

In the evolution of an atomic cloud there are many features which are of interest. These include 
the top of the cloud, the center of gravity of the cloud, the base of the cloud, the bases and tops of layers 
(if any) of the stem, the diameter and volume of the cloud and stem, and the distribution of the radio- 
activity within the cloud. Unfortunately, only the top of the cloud has been systematically observed 
during all of the tests. The other items have baen investigated during only a limited number of tests. 
For this reason, theories have been promulgated and tested only on the maximum height of the cloud. 

Three principal theories of cloud rise have been proposed by Taylor®, Sutton 1 ^, and Machta 11 . 
While these theories have contributed to the development of understanding of cloud phenomena, they 
have not yet reached the stage of refinement where predictions made from them should supplement the 
purely empirical results of the weapons tests. 

There is sufficient coherence among the observed experimental results, however, to fit some 
empirical curves to the data points and to vest considerable confidence in their general validity. A 
unified theory will probably permit much better fitting to these same data points than our present state 
of ignorance permits. (In fact, classifying the available data according to season and latitude would 
permit a more consistent but, at present, less useful set of empirical relations. J 

Fig. 7. 3:1 is a plot of the equilibrium heights of the tops and bottoms of a great many observed 
cloud? as a function of bomb yield. Data are included from tests at both the Nevada - New Mexico Area 
and the Marshall Islands Area. 
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Figure 7. 3:1 Experimental Measurements of the Equilibrium Heights of Top and Bottom 
of Cloud as a Function of Yield for Near -Surface Bursts. 
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In the construction of this and the other figures in this section, bomb yields were corrected to 
an equivalent mean sea level value. That is, the actual yield at the burst height was adjusted to an 
equivalent yield for a sea level burst which produces the same cloud characteristics. 

The mean sea level correction 1 2 used is 



SL p B B 



(7.3:1) 



where 



W, 



W, 



SL 
B 



? B 



equivalent yield at mean sea level 
yield at actual burst height 
pressure at mean sea level 
pressure at actual burst height 



There are other parameters besides burst height which affect the cloud characteristics and which vary 
between shots but no methods are presently available for correcting these variations. 
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Figs. 7. 3:2, 7. 3:3, and 7. 3:4 are plots of the height of the top, bottom, and center of the cloud 
as a function of time after burst for various yields. (It should be noted that for high-yield weapons the 
cloud may not have a clear-cut bottom and Figs. 7. 3:3 and 7. 3:4 are thus subject to an additional un- 
certainty in thiB yield region. ) These three figures were obtained by fitting smooth curves to experi- 
mental results from about 15 bursts. 3' 5 Adjustments of the Bmooth curves were made where necessary 
to obtain reasonable internal consistency. 

Fig. 7. 3:5 is a plot of the vertical thickness of die cloud as a function of time after burst for 
various yields. It was constructed by subtracting the values of Fig. 7. 3:9 from ^ose of 7. 3:2. 

Fig. 7. 3:6 is a plot of cloud diameter as a function of time after burst for various yields. It 
was constructed from the same sources and tn the same manner as Figs. 7. 3:2, 7. 3:3, and 7. 3:4. 

While the cloud heights and dimensions in these figures are given for surface bursts, that is, 
measured from mean sea level, they may also be applied to near -surface bursts, say below 5,000 ft. 
In this case the cloud heights presented may be construed as being measured above the burst point. No 
information is available for the treatment of high altitude bursts. 

The maximum error of these figures is believed to be about a factor of two. The test data upon 
which the curves were based are supposedly good to + 30 percent but the wide range of tropopause 
heights, temperature-altitude relations,, and wind velocities likely to be encountered under operational 
conditions greatly increases this expected error. 
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Figure 7. 3:2 Height of Top of Cloud as a Function of Yield and Time after Burst for 
Near -Surface Bursts. Broken curves indicate extrapolated values. 
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Figure 7. 3:3 Height of Bottom of Cloud as a Function of Yield and Time after Burst for 
Near-Surface Bursts. Broken curves indicate extrapolated values. 
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Figure 7. 3:4 Height of Center of Cloud as a Function of Yield and Time after Burst for 
Near -Surface Bursts. Broken curves indicate extrapolated values. 
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Figure 7. 3:5 Thickness of Cloud as a Function of Yield and Time after Burst for Near- 
Surface Bursts. Broken curves indicate extrapolated values. 
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Figure 7. 8:6 Diameter of Cloud as a Function of Yield and Time after Burst for Near- 
Surface Bursts. Broken curves indicate extrapolated values. 




PROBLEM 1 

For surface or near -surface bursts, find the distance above burst height of the top, bottom, or 
center of an atomic cloud at any time during the first 15 min after the burst. Yield and burst height of 
the bomb are known. 

Solution 

Read height directly from Figs. 7. 3:2, 7. 3:3, or 7. 3:4, (whichever is appropriate) at given time 
and yield. Add this value to burst height for near-surface bursts. 

PROBLEM 2 

For surface or near -surface bursts, find the vertical thickness of an atomic cloud at any time 
during the first 15 min after burst Yield and burst height of the bomb are known. 

Solution 

Read thickness directly from Fig. 7. 3:5 at the given time and yield. 

PROBLEM 3 

For surface or near -surface bursts, find the diameter of an atomic cloud at any time during the 
first 9 min after burst. Yield and burst height of bomb are known. 

Solution 

Read diameter directly from Fig. 7. 3:6 at the given time and yield. 
Error 

The results of Problems 1, 2, and 3 are estimated to be good to within a factor of two. 



7. 4 CLOUD CHARACTERISTICS FOR CALCULATION OF FALLOUT AND INITIAL RADIATION 

The accuracy of the plots In Section 7. 3or of any other known method for predicting cloud heights 
is not suitable for input to a fallout computation. Similarly the time dependence is not accurate enough 
for short times after burst (0 to 30 sec), for use in making cloud rise corrections for Initial gamma 
doses; for this purpose the following empirical relation*' is recommended for surface and near-sur- 
face bursts. 

y c = 115 W*- J t 8 -* (7.4:1) 

where 

y = height of renter of cloud above point of burst, ft 

W = bomb yield, KT 

t = time after burst, sec 

This expression may be considered applicable in the range t = 5 to 30 sec. In Fig. 7. 4:1 the 
value of y c Is plotted as a function of time for various values of yield. Extension of these curves agrees 
as well as can be expected with the data of Fig. 7. 3:4. 
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Figure 7. 4:1 Height of Center of Cloud for Short Times After Burst as a Function of 
Yield for Near -Surface Bursts. 



7 . 5 CLOUD CHARACTERISTICS FOR CALCULATION OF AIRCRAFT PENETRATION DOSE 

The present principal usefulness of Figs. 7.3:1 through 7.3:6 Is the evaluation of radiation 
hazards lor aircraft flying In the vicinity of the atomic cloud. Because both the data in these figures 
and dose rate Information given below are from surface or'near-surface bursts, the results presented 
in this section are similarly restricted. 

In addition to cloud heights and dimensions it is necessary to have information regarding the 
radiation content of the cloud. Qualitatively, It is clear that the dose rate at a given time and place 
within the cloud is a function of three factors: 

1. density of radioactive material, 

2. density of entrained Inactive material, and 

3. density of air. 
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The dose rate will change with time as determined by the way these three factors change and this in 
turn depends on: 

1. rate of decay of active material, 

2. rate of fall of active material, 

3. rates of entrainment and fall of inactive material, and 

4. rate of expansion of cloud. 

Some of these factors are clearly Independent of yield. It would appear that the others are also inde- 
pendent of yield, either individually or in combination, at least over some time period. Experimental 
measurements at Upshot-Knothole 1 ' 4 supported by less credible measurements at Greenhouse 15 , indicate 
rather strongly that the volume average dose rate encountered within the cloud between 3 and 25 min 
after the burst is independent of weapon yield. 

The most reasonable explanation for this independence of yield is comprised of two factors. 

1. The dose received at any given point within the cloud comes predominantly from nearby 
regions of the cloud, while the dose from remote regions is sufficiently attenuated to be 
negligible in comparison. The over-all size of the cloud would therefore not be important 
in determining the dose rate. 

2. The volume average density of the active and inactive materials in the cloud Is independent 
of yield. This is a reasonable expectation since the volume of the cloud is known to be 
roughly proportional to the yield; the amount of debris, both active and inactive, should 
also be roughly proportional to yield. 

It has been determined empirically 14 that the volume average dose rate in the cloud in the period 
2 to 25 min after burst is equal to 2.18 x 10* t~*" M , rep-min" 1 , where t is the time after burst, min. 

This relation comes to within a factor of two of most measured results. A few Greenhouse 
measurements fell outside of that range; this may be so because the measurements were made in the 
stem rather than in the cloud proper or because of errors in the measurements themselves. If one 
integrates the average dose rate over the time spent in the cloud as in Eq. 7. 5:1, the total dose 
accumulated in the cloud is obtained. This equation for total dose should hold fairly well except for 
trajectories close to the cloud boundaries. 



■i 



t + t 
e c 



2.18x10* H- M dt (7.5:1) 



where 

D = total dose accumulated in cloud, rep 

t = time of entry into cloud after burst, min 

e 

t » time spent in cloud, min 

c 



Fig. 7. 5:1 is a plot of D as a function of t for various values oft . 

L e 

The preceding discussion applies only to aircraft flight through the atomic cloud proper. There 
maybe a similar problem involving flight through the stem but the data presently available do notpermit 
evaluation. 
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Figure 7. 5:1 Total Dose Accumulated In Cloud as a Function of Time of Residence t c and 
time of Entry t^. 
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PROBLEM 4 

It ia known that an aircraft penetrates an atomic cloud. Find the time spent In the cloud when 
the height and speed of the aircraft and the burst height and yield of the bomb are known. 

(Note that sufficient information is presented in Figs. 7. 3:2 through 7. 3:6 to determine In detail 
how an aircraft flying a given course and speed will penetrate an atomic cloud of known yield, burst 
time, and height. Thus, one could answer the following questions: Will penetration occur? Exactly 
where in the cloud willpenetration occur? How long will penetration last? The Inaccuracies in the data 
and sensitivity of the results to small variations In operational conditions make such a detailed treat- 
ment unwarranted. ) 

(It is possible to relate rather well the diameter of the cloud to the time after burst and the yield. 
It is meaningful, therefore, to ask how great a diameter the cloud presents to an aircraft flying in the 
vicinity at a given time after burst and for a given yield. This ts not precisely the problem stated, but 
It can be loosely so interpreted. ) 

Solution 

To reduce the Input conditions to the same units as the working curves, it Is desirable to express 
the aircraft speed in feet per minute. The following conversion factors, while not exact, are well 
within the accuracy of this treatment. 

1 knot - 1 nautical mlle-hr"* 
= 100 ft-min" 1 

1 statute mlle-hr" 1 = 90 ft-mln" 1 

It will be assumed that the cloud height and dimensions are fixed during the time of the aircraft 
passage. This is obviously not the true situation since in most circumstances the cloud will still be 
rising and expanding during the aircraft penetration. For short penetration times, however, the changes 
In cloud dimensions during penetration will not be large and for longer penetration times average cloud 
dimensions can be used. 

Two separate cases will be demonstrated — penetration along the cloud diameter and grazing 
penetration. 

A. Assume that the aircraft penetrates along the cloud diameter. 

1. Subtract the burst height from the aircraft height to obtain y c ,the height of the center of the 
cloud above burst at time of penetration. 

2. Using Fig. 7.3:4 and the value of y c and the yield find the time of entry into the cloud t e < 

3. From Fig. 7. 3:6 at the given yield and time find the cloud diameter d. 

4. Convert the aircraft velocity into feet per minute v. 

5. The time spent in the cloud In minutes t c , is then d/v. 

B. Assume that the aircraft makes a grazing penetration — y feet below (or above) the cloud center 
and x feet to the side of the vertical axis. (If neither x nor y is greater than 1/4 the cloud di- 
ameter, the penetration ought to be considered as being along the diameter. Also, if the cloud 
growth has reached the phase where considerable flattening has occurred, the penetration should 
be taken as diametric.) Assume, further, that the cloud is spherical, with diameter given by 
Fig. 7.3:6. 

1. Perform steps 1, 2, 3, and 4 as indicated in A above. 

2. Calculate [4(x 2 + yVd 1 ]. This Is the square of the fractional radial distance of the aircraft 
trajectory from the cloud center. Fig. 7. 5:2 is a plotof the trigonometric reduction factor 
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Figure 7. 5; 2 Diameter Reduction Factor. 



$ in the diameter. Read the value of tf> from Fig. 7.6:2 at the corresponding value of 
3. The distance traversed by the aircraft is $& and the time spent to the cloud t^ is i>d/v. 



Error 



The error of Problem 4 Is estimated to be no more than a factor of two. 

PROBLEM 5 

It is known that an aircraft penetrates an atomic cloud. Find the dose accumulated in the cloud 
when the height and speed of the aircraft and the burst height and yield of the bomb are known. 



Solution 



1. Apply the appropriate methods of Problem 4 to determine the time of entry Into the cloud t e , 
and the time spent in the cloud t<., 

2. Read the dose accumulated for these values of t e and t c from Fig. 7. 5:1. 



Error 



The error in Problem 5 Is estimated to be no more than a factor of two. 
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Example A 

An aircraft is flying at 25,000 ft ata speed of 200 knots. A 50-KT bomb Is exploded 1000 ft above 
sea level. If the aircraft penetrates the resulting cloud along its diameter, bow long will the aircraft 
be within the cloud and what dose will the crew experience? 

1. The height of the cloud center above burst at the time of penetration will be 25,000 - 1,000 
= 24,000 ft. 

2. The center of the cloud from a 50-KT bomb rises 24,000 ft from the burstpoint in 2. 8 mln, 
according to Fig. 7. 3:4. 

3. The cloud diameter of a 50-KT bomb after 2.8 mln is 10,000 ft, from Fig. 7.3:6. 

4. The aircraft speed is 200 x 100 = 20,000 ft-min" 1 . 

5. The time spent in the cloud Is 10,000/20,000 ■ 0. 5 min. 

6. From Fig. 7.5:1 the dose accumulated in the cloud for entry time t, = 2. 8 min and time 
with cloud t,, = 0. 5 min is 120 rep. 

Example B 

Same as Example A except grazing penetration of cloud is made 3,500 ft below and 3,000 ft to the 
left of the cloud center. 

1. Perform steps 1, 2, 3, and 4 as in Example 1 above. 

2 *& + & = 4(3,000* + 3,500*) = Q ^ 
d* (10,000)* 

From Fig: 7. 5:2 a value of [4(x I + yVd*] =• "0. B5 leads to a value of ^ = 0. 39. 

3. The distance traversed by the aircraft is then 4<d = (0. 39){10, 000) = 3,900 ft and the time ot 
traverse t c = 3,900/20,000= 0.2 min. 

4. From Fig. 7. 5:1 the dose accumulated, from entry time t g = 2. 8 min and time within cloud 
t c = 0. 2 mln, is 55 rep. 

j_ «*- 
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